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Zusammenfassung	   II 
 
Zusammenfassung  
Das	  Hauptziel	  der	  vorliegenden	  Dissertation	  war	  die	  Untersuchung	  des	  Einflusses	  
der	   präfrontalen	   Gleichstromstimulation	   (tDCS)	   auf	   die	   Modulation	   kortikaler	  
Netzwerke.	  Grundlage	  dieser	  kumulativen	  Dissertation	  sind	  die	  	  Publikationen:	  
 
 n  Keeser	  D,	  Padberg	  F,	  Reisinger	  E,	  Pogarell	  O,	  Kirsch	  V,	  Palm	  U,	  Karch	  S,	  Möller	  
HJ,	   Nitsche	   MA,	   Mulert	   C.	   Prefrontal	   direct	   current	   stimulation	   modulates	  	  
resting	  EEG	  and	  event-­‐related	  potentials	   in	  healthy	   subjects:	   a	   standardized	  
low	  resolution	  tomography	  (sLORETA)	  study.	  
	  	  	  	  	  	  	   Neuroimage.	  2011	  Mar	  15;55(2):644-­‐57.	  	  
	  
 n Keeser	  D,	  Meindl	  T,	  Bor	  J,	  Palm	  U,	  Pogarell	  O,	  Mulert	  C,	  Brunelin	  J,	  Möller	  HJ,	  
Reiser	   M,	   Padberg	   F.	   Prefrontal	   Transcranial	   Direct	   Current	   Stimulation	  
Changes	  Connectivity	  of	  Resting-­‐State	  Networks	  during	  fMRI.	  
	  	  	  	  	  	   	  Journal	  of	  Neuroscience.	  2011	  Oct	  26;31(43):15284-­‐93.	  
	  
Beide	   Studien	  wurden	   doppelt-­‐verblindet	   und	   plazebo-­‐kontrolliert	   durchgeführt.	  
In	  den	  Arbeiten	  wird	  mit	  zwei	  unterschiedlichen	  Verfahren,	  einem	  neurophysiolo-­‐
gischen	  Ruhe-­‐	  und	  einem	  aktiven	  Gedächtnistestparadigma	  (EEG),	  sowie	  mit	  einer	  
funktionellen	  Konnektivitäts-­‐Magnetresonanztomographie	  (fcMRT)	  nachgewiesen,	  
dass	  präfrontale	  tDCS	  kortikale	  Netzwerke	  moduliert.	  Diese	  Ergebnisse	  sollen	  hier	  
wiedergegeben	  und	  diskutiert	  werden.	  Die	  Verteilung,	  Ausrichtung	  und	  das	  Aus-­‐
maß	  der	  auf	  tDCS	  beruhenden	  Effekte	  auf	  die	  funktionelle	  Aktivität	  im	  Gehirn	  sind	  
bisher	  wenig	  erforscht.	  Die	  Erarbeitung	  weiterer	  Hypothesen	  bezüglich	  der	  neuro-­‐
physiologischen	  Wirkung	  von	  präfrontaler	  tDCS	  ist	  entscheidend,	  um	  Hinweise	  auf	  





Abstract	   III 
 
Abstract  
The	  principal	  purpose	  of	  the	  present	  thesis	  was	  to	  investigate	  the	  influence	  of	  pre-­‐
frontal	  direct	   current	   stimulation	   (tDCS)	  on	   the	  modulation	  of	   cortical	  networks.	  
The	  bases	  of	  this	  cumulative	  thesis	  are	  the	  two	  publications:	  
 
 n  Keeser	  D,	  Padberg	  F,	  Reisinger	  E,	  Pogarell	  O,	  Kirsch	  V,	  Palm	  U,	  Karch	  S,	  Möller	  
HJ,	   Nitsche	   MA,	   Mulert	   C.	   Prefrontal	   direct	   current	   stimulation	   modulates	  	  
resting	  EEG	  and	  event-­‐related	  potentials	   in	  healthy	   subjects:	   a	   standardized	  
low	  resolution	  tomography	  (sLORETA)	  study.	  
	  	  	  	  	  	  	   Neuroimage.	  2011	  Mar	  15;55(2):644-­‐57.	  	  
	  
 n Keeser	  D,	  Meindl	  T,	  Bor	  J,	  Palm	  U,	  Pogarell	  O,	  Mulert	  C,	  Brunelin	  J,	  Möller	  HJ,	  
Reiser	   M,	   Padberg	   F.	   Prefrontal	   Transcranial	   Direct	   Current	   Stimulation	  
Changes	  Connectivity	  of	  Resting-­‐State	  Networks	  during	  fMRI.	  
	  	  	  	  	  	   	  Journal	  of	  Neuroscience.	  2011	  Oct	  26;31(43):15284-­‐93.	  
	  
Both	  studies	  were	  carried	  out	   in	  a	  double-­‐blinded,	  placebo-­‐controlled	  manner.	   In	  
the	   studies	   two	   different	   procedures,	   a	   neurophysiological	   electroencephalog-­‐
raphy	  (EEG)	  resting-­‐state	  and	  an	  active	  EEG	  memory	  task	  paradigm,	  as	  well	  as	  a	  
functional	  connectivity	  magnetic	  resonance	  imaging	  (fcMRI)	  procedure	  were	  used.	  
Both	  studies	  proved	  that	  prefrontal	  tDCS	  modulates	  cortical	  networks.	  
These results are presented and discussed. The distribution, direction, and extent of 
tDCS mediated effects on brain physiology are not well understood. The development 
of further hypotheses with regard to the neurophysiological effects of prefrontal tDCS is 
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1 Einleitung 8 
 
1 Einleitung 
1.1 Die transkranielle Gleichstromstimulation (tDCS) 
Die	   transkranielle	   Gleichstromstimulation	   ist	   ein	   neuromodulatorisches,	   nicht-­‐
invasives	  Gehirnstimulationsverfahren,	  das	  in	  ersten	  Studien	  die	  Kriterien	  für	  me-­‐
dizinische	  Sicherheit	  erfüllte	   (Nitsche	  et	  al.,	  2004;	   Iyer	  et	  al.,	  2005;	  Poreisz	  et	  al.,	  
2007;	  Brunoni	  et	  al.,	  2011).	  Bei	  der	  tDCS	  wird	  ein	  kontinuierlicher	  Stromfluss,	  der	  
nicht	  die	  Richtung	  ändert,	  durch	  an	  die	  Kopfhaut	  angelegte	  Schwammelektroden	  
appliziert	   (siehe	   Abb.	   1).	   Die	   zugrunde	   liegende	   Theorie	   des	   Wirkmechanismus	  
basiert	  auf	  dem	  Nachweis,	  dass	  anodale	  tDCS	  zur	  Depolarisation	  einer	  großen	  An-­‐
zahl	  von	  Neuronen	   führt,	  während	  kathodale	  
tDCS	   eine	   Hyperpolarisation	   von	   Neuronen	  
hervorruft.	   Diese	   bipolare	   Stimulation	   führt	  
zu	   Änderungen	   der	   kortikalen	   Erregbarkeit.	  
Bei	   anodaler	   tDCS	  wurde	   eine	   exzitatorische	  
Wirkung	   nachgewiesen,	   während	   kathodale	  
tDCS	   inhibitatorisch	   wirkt	   (Nitsche	   et	   al.,	  
2003c;	   Nitsche	   et	   al.,	   2003b;	   Nitsche	   et	   al.,	  
2008).	   Vor	   10	   Jahren	   verschafften	   Nitsche	  
und	  Paulus	  (Nitsche	  and	  Paulus,	  2001)	  dieser	  
schon	  länger	  bekannten	  Methode	  neue	  Popu-­‐
larität,	   als	   sie	   beim	   Menschen	   nachweisen	  
konnten,	  dass	  anodale	   tDCS	  des	  Motorkortex	  
die	   motorische	   Erregbarkeit	   erhöhte,	   wäh-­‐
rend	  kathodale	   tDCS	  diese	  verminderte	  (Nitsche	  and	  Paulus,	  2001;	  Nitsche	  et	  al.,	  
2007).	   Die	   Stimulationswirkung	   ist	   abhängig	   von	   der	   Zeitdauer	   der	   Stimulation	  
(siehe	  Abb.	  2).	  Bereits	  kurze	  Stimulationslängen	  von	  ca.	  10	  Minuten	  erzeugen	  Post-­‐
Stimulationseffekte	  im	  menschlichen	  Motorkortex,	  die	  für	  bis	  zu	  einer	  Stunde	  und	  
länger	  anhalten	  (Nitsche	  and	  Paulus,	  2001;	  Nitsche	  et	  al.,	  2003a)	  .	  	  
Abbildung	  1	  
tDCS-­‐Stimulator.	   Die	   Anode	   (+)	   ist	   über	  
dem	  motorischen	  Kortex,	  die	  Kathode	  (-­‐)	  
über	   den	   supraorbitalen	   Kortex	   mittels	  
Gummibändern	  befestigt.	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Aufgrund	   der	   überwiegend	   positiven	   Ergebnisse	   dieser	   Pilotstudien,	   die	  mit	   ge-­‐
sunden	   Probanden	   sowie	   mit	   psychiatrischen	   und	   neurologischen	   Patienten	  
durchgeführt	   wurden,	   sind	   weitere	   Untersuchungen	   der	   präfrontalen	   tDCS	   als	  
mögliche	  antidepressive	  Behandlungsform,	  als	  potentielle	  experimentelle	  und	  kli-­‐
nische	  Anwendung	  zur	  Beeinflussung	  der	  kognitiven	  Leistungsfähigkeit	  oder	  auch	  
zur	   Modulation	   des	   Schmerzes	   vielversprechend.	   Insgesamt	   besteht	   allerdings	  
noch	  	  großer	  Forschungsbedarf	  bezüglich	  der	  verwendeten	  Stimulationsprotokolle	  
und	   der	  Wirkung	   auf	   klinische	   und	   neurobiologische/neurophysiologische	   Para-­‐
meter.	   Die	   Anwendung	   von	   Elektroenzephalographie	   (EEG)-­‐Untersuchungen	   zur	  
Überprüfung	  möglicher	  tDCS-­‐Stimulationseffekte	  könnte	  	  weiterführende	  Informa-­‐
tionen	  über	  die	  neurophysiologischen	  Wirkmechanismen	  der	  tDCS	  liefern.	  
1.3 tDCS und Elektroenzephalographie (EEG) 
Der	   Einfluss	   anodaler	   transkranieller	   Gleichstromstimulation	   auf	   das	   Ruhe-­‐EEG	  
wurde	   bereits	   von	   Pfurtscheller	   untersucht	   (Pfurtscheller,	   1970).	   Pfurtscheller	  
fand	  nach	  der	  anodalen	  Stimulation	  des	  Motorkortex	  mit	  250	  μA	  eine	  signifikante	  
Abnahme	  der	  Theta	  (3-­‐7	  Hz)-­‐	  und	  Alpha	  (8-­‐12	  Hz)-­‐Aktivität.	  Eine	  kathodale	  Stimu-­‐
lation	  hingegen	  führte	  zu	  einer	  prozentualen	  Zunahme	  der	  Theta-­‐	  und	  Alphaaktivi-­‐
tät	  um	  ca.	  10%.	  	  
Ardolino	  und	  Kollegen	  untersuchten	  den	  Effekt	  kathodaler	  Gleichstromstimulation	  
(1,5	  mA,	   10	  Minuten)	   auf	   die	   spontane	   neuronale	  Aktivität	   und	   die	  motorischen	  
Reaktionen,	   die	   durch	   die	   Stimulation	   des	   zentralen	   und	   peripheren	   Nervensys-­‐
tems	  evoziert	  wurden	  (Ardolino	  et	  al.,	  2005).	  Von	  sechs	  gesunden	  Probanden	  (Al-­‐
ter	  24-­‐40	  Jahre;	  Rechtshänder;	  Frauen	  und	  Männer)	  wurde	  das	  EEG	  vor	  und	  nach	  
der	  tDCS-­‐Stimulation	  aufgezeichnet.	  Die	  Kathode	  wurde	  über	  dem	  rechten	  motori-­‐
schen	  Kortex	  platziert,	  die	  Anode	  oberhalb	  der	  Augenbrauen	  des	  linken	  Auges.	  Um	  
mögliche	   unspezifische	   Effekte	   auszuschließen,	   erhielten	   weitere	   5	   Probanden	  
eine	   Placebo-­‐Stimulation.	   Vor	   der	   15minütigen	   Stimulation	   des	   rechten	   motori-­‐
schen	  Kortex	  wurde	  6	  Minuten	  lang	  die	  EEG-­‐Aktivität	  in	  Ruhe	  aufgezeichnet,	  sowie	  
nach	  der	  Stimulation	  erneut	   in	  6	  Minuten-­‐Abschnitten	   (ebd.).	   In	  der	   rechten,	  ka-­‐
thodal	  stimulierten	  Gehirnhälfte	  zeigte	  sich	  ein	  signifikanter	  Effekt	  bei	  der	  totalen	  
Power	  sowie	  bei	  der	  Delta-­‐	  und	  Thetaaktivität,	  die	  sich	  jeweils	  erhöhten	  (ebd.).	  Die	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Autoren	   folgern,	   dass	   kathodale	   Stimulation	   zur	   Erhöhung	   der	   langsamen	   EEG-­‐
Aktivität	   führt,	   was	   bereits	   von	   Creuzfeldt	   und	   Kollegen	   in	   frühen	   Arbeiten	   bei	  
Katzen	  festgestellt	  werden	  konnte	  (Creutzfeldt	  et	  al.,	  1962).	  Die	  Placebostimulati-­‐
on	  zeigte	  statistisch	  keine	  Effekte,	  weder	  in	  der	  linken	  noch	  in	  der	  rechten	  Hemi-­‐
sphäre.	  Während	  des	  Slow-­‐Wave-­‐Schlafes	  (SWS)	  reduzierte	  bilaterale	   frontale	  si-­‐
nusförmige	  anodale	  tDCS	  die	  durchschnittliche	  Power	  im	  Theta-­‐	  und	  Alpha-­‐1-­‐Band	  
in	   frontalen,	   zentralen	   und	  parietalen	  Elektroden-­‐Lokalisationen	   (Marshall	   et	   al.,	  
2004).	   Im	   Vergleich	   zur	   Placebo-­‐Anwendung	   vergrößerte	   die	   frontale	   anodale	  
tDCS	  während	  des	  SWS-­‐reichen	  Schlafes	  das	  Erinnern,	  Wiederabrufen	  und	  Behal-­‐
ten	  von	  Wortpaaren,	  die	  nach	  dem	  Aufwachen	  abgefragt	  wurden.	  Weitere	  Studien	  
mit	  transkraniellem	  Wechselstrom	  (transcranial	  alternating	  direct	  current)	  modu-­‐
lieren	  die	  EEG-­‐Aktivität	  in	  Abhängigkeit	  von	  der	  gewählten	  Frequenz	  (Kanai	  et	  al.,	  
2008;	  Kirov	   et	   al.,	   2009;	   Pogosyan	   et	   al.,	   2009;	   Zaehle	   et	   al.,	   2010;	   Feurra	   et	   al.,	  
2011),	   wobei	   auch	   dem	   Vigilanzstatus	   eine	   Rolle	   zugeschrieben	   werden	   sollte	  
(Marshall	   et	   al.,	   2011).	   Präfrontale	   tDCS	   (1mA,	   15	  Minuten,	   Anode	   dorsolateral-­‐
präfrontal,	   Kathode	   supraorbital	   und	   umgekehrt)	   während	   eines	   „n-­‐back“-­‐	   Ge-­‐
dächtnistests	  und	  gleichzeitiger	  EEG-­‐Aufzeichnung	  modulierte	  die	  EEG-­‐Aktivität	  in	  
polaritätsspezifischer	   Hinsicht	   im	   niedrig-­‐frequenten	   Theta-­‐	   und	   Alphaband	  
(Zaehle	  et	  al.,	  2011).	  	  Wir	  konnten	  reduzierte	  Delta	  und	  Theta	  (1-­‐6,5	  Hz)	  Aktivität	  
und	  erhöhte	  Beta-­‐1-­‐Aktivität	   (13-­‐18	  Hz)	   im	  Ruhezustand	  nach	  präfrontaler	   tDCS	  
(Anode	  F3,	  Kathode	  supraorbital,	  2mA,	  20	  Minuten)	  feststellen,	  die	  sich	  quellenlo-­‐
kalisiert	  im	  Bereich	  des	  subgenualen	  Kortex	  zeigte	  (Keeser	  et	  al.,	  2011a).	  In	  einem	  
anschließenden	  „n-­‐back“-­‐	  Gedächtnistest	  erhöhten	  sich	  P2-­‐	  und	  P3-­‐Potentiale	  ver-­‐
glichen	  mit	  der	  Placebo-­‐Stimulation.	  Außerdem	  	  zeigte	  sich	  eine	  reduzierte	  Fehler-­‐
rate	  und	  eine	  Zunahme	  der	  Lösungsgenauigkeit	  speziell	  im	  höheren	  ‚memory-­‐load’	  
(2-­‐back).	  Quellenlokalisiert	  konnte	  ebenfalls	   für	  den	  höheren	   ‚memory	   load’	  eine	  
gestiegene	   EEG-­‐Aktivität	   im	   linksseitigen	   parahippokampalen	   Gyrus	   festgestellt	  
werden	   (Keeser	   et	   al.,	   2011a).	   Vanneste	   und	   Kollegen	   fanden	   nach	   präfrontaler	  
tDCS	  mit	  entgegengesetzter	  Polarität	  (1,5	  mA,	  20	  Minuten,	  Kathode	  F3,	  Anode	  sup-­‐
raorbital)	   bei	   Tinnitus-­‐Patienten	   erhöhte	   Alpha-­‐1-­‐Aktivität	   (8-­‐10	   Hz)	   im	   subge-­‐
nualen	  Kortex	  und	  reduzierte	  Beta-­‐	  und	  Gamma-­‐Aktivität	  (21,5-­‐44	  Hz)	  im	  rechten	  
primären	  auditorischen	  Kortex	  (Vanneste	  and	  De	  Ridder,	  2011).	  Jacobson	  und	  Kol-­‐
legen	   stimulierten	   den	   rechten	   inferioren	   frontalen	   Gyrus	   (rIFG)	  mit	   der	   Anode	  
und	  die	   linke	   supraorbitale	  Region	  mit	   der	  Kathode	   (Jacobson	   et	   al.,	   2011)	   über	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eine	  Zeitdauer	  von	  15	  Minuten	  mit	  1,5	  mA	  Intensität.	   In	   ihrer	  Arbeit	  konnten	  sie	  
eine	  Reduktion	  der	  Theta	  Power	  im	  rechten	  IFG	  feststellen,	  wo	  die	  Anode	  platziert	  
wurde,	  während	  sich	  in	  der	  Region,	  wo	  die	  Kathode	  angelegt	  wurde,	  kein	  Stimula-­‐
tionseffekt	  zeigte	  (Jacobson	  et	  al.,	  2011).	   	  Vor	  kurzem	  veröffentlichten	  Wirth	  und	  
Kollegen	  eine	  Untersuchung	  mit	  20	  gesunden	  Probanden,	  die	  anodal	  dorsolateral	  
präfrontal	   links	  stimuliert	  wurden	  (1,5	  mA,	  7-­‐37	  Minuten),	  während	  die	  Kathode	  
an	  der	  rechten	  Schulter	  angelegt	  wurde	  	  (Wirth	  et	  al.,	  2011).	  Im	  Vergleich	  zur	  Pla-­‐
cebobehandlung	  reduzierte	  sich	  	  nach	  der	  Stimulation	  die	  Delta	  Power	  signifikant,	  
während	  sich	  auf	  der	  Verhaltensebene	  die	  Sprachproduktion	  in	  Form	  einer	  Reduk-­‐
tion	  des	  semantischen	  Interferenzeffekts	  (einem	  Marker	  der	  bei	  Aphasiepatienten	  
erhöht	  ist)	  veränderte.	  Die	  Modulation	  der	  EEG	  Aktivität	  kann	  auch	  in	  bildgeben-­‐
den	  Verfahren	  visualisiert	  werden,	  was	  eine	  weitere	  Methode	  zum	  Wirknachweis	  
der	  tDCS	  darstellt. 
1.4 tDCS und bildgebende Verfahren 
1.4.1	  Motorkortex	  
Baudewig	  und	  Kollegen	  untersuchten	  den	  Einfluss	  der	  Gleichstromstimulation	  auf	  
das	  fMRT-­‐	  Signal.	  Bei	  sechs	  gesunden	  Probanden	  im	  Alter	  von	  23-­‐30	  Jahren	  wurde	  
der	   linke	  motorische	   Kortex	   für	   5	  Minuten	  mit	   1mA	   stimuliert	   (Baudewig	   et	   al.,	  
2001).	  Das	   fMRT	  BOLD-­‐Signal	  wurde	  5	  und	  15-­‐20	  Minuten	  nach	  der	  Stimulation	  
gemessen.	  Fünf	  Minuten	  nach	  kathodaler	  Stimulation	  konnte	  eine	  signifikante	  Re-­‐
duktion	  der	  Voxeldichte	  	  festgestellt	  werden	  (p<0,01),	  die	  auch	  noch	  15-­‐20	  Minu-­‐
ten	  nach	  der	  Stimulation	  anhielt	  (p<0,05).	  Prozentual	  ausgedrückt,	  zeigte	  sich	  bei	  
der	  ersten	  Messung	  eine	  Reduktion	  von	  38%	  der	  Voxeldichte,	  bei	  der	  zweiten	  Mes-­‐
sung	  eine	  Reduktion	  von	  	  28%.	  
	  
Metabolische	   Veränderungen	   durch	   die	   tDCS-­‐Anwendung	   wurden	   auch	   in	   einer	  
Studie	   von	   Lang	   und	   Kollegen	   nachgewiesen	   (Lang	   et	   al.,	   2005).	   Reale	   tDCS-­‐
Stimulation	  (anodal	  oder	  kathodal,	  1mA,	  10	  Minuten)	  und	  Placebo-­‐tDCS	  erfolgten	  
an	   getrennten	   Tagen.	   Unmittelbar	   danach	   wurden	   sechs	   sequenzielle	   H15,	   2	   O-­‐
PET-­‐Aufnahmen	  bei	  Ruhe	  (R)	  oder	  während	  Fingerbewegungen	  (M)	  aufgezeichnet.	  
Die	   Reihenfolge	   der	   Intervention	   (wirkliches	   tDCS	   gegenüber	   Placebo-­‐tDCS)	   und	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die	   experimentellen	   Bedingungen	   (R	   gegenüber	  M)	  wurden	   über	   die	   Probanden	  
hinweg	   randomisiert.	   Anodale	   tDCS	   erhöhte	   den	   regionalen	   zerebralen	   Blutfluss	  
(rCBF)	  in	  vielen	  kortikalen	  und	  subkortikalen	  Gebieten	  im	  Vergleich	  zu	  kathodaler	  
tDCS	  (siehe	  Abb.	  5).	  	  	  
	  
	  
Durch	  anodale	  Stimulation	  wurde	  die	  Aktivität	  im	  Stimulations-­‐Gebiet	  erhöht	  (Ge-­‐
gend	  des	  motorischen	  Kortex	  M1	  bestimmt	  durch	  transkranielle	  Magnetstimulati-­‐
on),	   während	   die	   kathodale	   Stimulation	   eine	   Erregungssabnahme	   der	   metaboli-­‐
schen	  Aktivität	   im	  korrespondierenden	  Gebiet	  zur	  Folge	  hatte.	   Jang	  und	  Kollegen	  
stellten	  eine	  Zunahme	  der	  neuronalen	  Aktivierung	  im	  Motorkortex	  und	  damit	  ver-­‐
bundenen	  motorischen	  Arealen	  nach	  echter	  tDCS	  des	   linken	  Motorkortex	  (20	  Mi-­‐
nuten,	  Anode	  M1,	  Kathode	  supraorbital,	  1mA)	  im	  Vergleich	  zu	  einer	  Scheinbehand-­‐
lung	  durch	  erhöhte	  Blutoxygenierung	  im	  fMRT	  fest	  (Jang	  et	  al.,	  2009).	  Untersucht	  
wurden	  jeweils	  7	  gesunde	  Probanden	  pro	  Stimulationsbedingung.	   In	  einer	  weite-­‐
ren	  Bildgebungsstudie	  konnte	   gezeigt	  werden,	  dass	   anodale	   tDCS	   zu	  kurzlebigen	  
Aktivierungszunahmen	  im	  linken	  primären	  Motorkortex	  (M1)	  und	  im	  supplemen-­‐
tär-­‐motorischen	  Kortex	  (SMA)	  in	  der	  Hemisphäre	  führte,	  die	  stimuliert	  wurde.	  Die	  
Arbeitsgruppe	  um	   Johansen-­‐Berg	   stimulierte	   15	   gesunde	  Probanden	   (Anode	  M1,	  
Kathode	  supraorbital,	  10	  Minuten,	  1mA)(Stagg	  et	  al.,	  2009a).	  Die	  Blutoxygenierung	  
Abbildung	  5:	  	  
Hauptwirkung	   anodaler	   und	   kathodaler	  
tDCS	   im	  Vergleich	   zur	   Placebo	  Bedingung	  
aufgezeichnet	  mit	  der	  Wasser-­‐Positronen-­‐
Emissionstomographie	   (H15	   2	   O-­‐PET).	  
Die	   farblichen	   Aktivierungen	   zeigen	   eine	  
verhältnismäßige	   Zunahme	   oder	   Abnah-­‐
me	   des	   regionalen	   zerebralen	   Blutflusses	  
(rCBF)	   nach	   wirklicher	   tDCS-­‐Stimulation	  
gegenüber	   der	   Placebo-­‐tDCS-­‐Stimulation	  
(p	  <	  0,05).	  Die	  Bilder	  zeigen	  (von	  oben)	  die	  
rechte	   laterale	  Oberfläche,	   die	   linke	   late-­‐
rale	  Oberfläche,	  die	  rechte	  mittlere	  Ober-­‐
fläche	   und	   die	   linke	   mittlere	   Oberfläche;	  
(Abb.	  adaptiert	  von	  Lang	  et	  al.,	  2005).	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nach	   der	   Stimulation	   verglichen	  mit	   Placebostimulation	  war	   höher	   als	   bei	   einer	  
Scheinstimulation	  und	  der	  kathodalen	   tDCS,	   allerdings	   führte	  die	  kathodale	   tDCS	  
zu	  einer	  Zunahme	  in	  der	  Aktivierung	  im	  kontralateralen	  M1	  und	  im	  dorsalen	  prä-­‐
motorischen	  Kortex	  (Stagg	  et	  al.,	  2009a).	  Zudem	  zeigte	  sich	  eine	  erhöhte	  funktio-­‐
nelle	   Konnektivität	   zwischen	   dem	   kontralateralen	   M1,	   dem	   prämotorischen	   M1	  
und	  dem	  direkt	  stimulierten	  M1	  (ebd.).	  Um	  die	  netzwerkspezifischen	  Effekte	  des	  
Motorkortexes	  nach	   tDCS-­‐Stimulation	  bei	   13	   gesunden	  Probanden	   (Anode	   linker	  
M1,	   Kathode	   supraorbital,	   10	   Minuten,	   1mA)	   genauer	   zu	   erforschen,	   benutzten	  
Polania	  und	  Kollegen	  (2011)	  eine	   funktionelle	  Ruhenetzwerk	  MRT	  Aufzeichnung,	  
die	  sie	  mit	  einer	  voxelbasierten	  Graphenanalyse	  (zur	  Konzentration	  auf	  die	  haupt-­‐
sächlichen	   funktionellen	  Verbindungen)	   auswerteten	   (Polania	   et	   al.,	   2011b).	   	   Sie	  
fanden	   im	  Vergleich	  zur	  Placeboanwendung	  eine	  Abnahme	   in	  der	  durchschnittli-­‐
chen	  Anzahl	  von	  direkten	  funktionellen	  Verbindungen	  vom	  linken	  somatomotori-­‐
schen	   Kortex	   (SM)	   zu	   topologisch	   entfernten	   grauen	   Substanz-­‐Regionen	   (ebd.).	  	  
Darüber	   hinaus	  war	   eine	   Zunahme	  der	   funktionellen	  Konnektivität	   zwischen	   SM	  
und	   dem	   linken	   prämotorischen,	   dem	   motorischen,	   und	   dem	   linken	   parietalen	  
Kortex	  feststellbar.	  	  Diese	  Zunahme	  wurde	  begleitet	  von	  einer	  Erhöhung	  an	  	  funk-­‐
tioneller	  Konnektivität	  zwischen	  dem	  linken	  posterioren	  cingulären	  Kortex	  (PCC)	  
und	  dem	  rechten	  dorsolateralen	  präfrontalen	  Kortex	  (DLPFC)	  (ebd.).	  
Antal	  und	  Kollegen	  fanden	  eine	  Reduktion	  der	  Blutoxygenierung	  in	  einer	  simulta-­‐
nen	  fMRT-­‐tDCS	  Studie	  des	  linken	  motorischen	  Kortex	  (Anode	  M1,	  Kathode	  supra-­‐
orbital,	  10	  Minuten,	  1mA)	  bei	  13	  gesunden	  Probanden	  während	  eines	  gleichzeitig	  
durchgeführten	  Finger-­‐Tapping-­‐Aufgabe	  (Antal	  et	  al.,	  2011).	  Die	  kathodale	  Stimu-­‐
lation	  hatte	  keine	  signifikante	  Wirkung,	  es	  zeigte	  sich	  aber	  eine	  Tendenz	  zur	  redu-­‐
zierten	  Aktivierung	  (ebd.).	  In	  einer	  weiteren	  H2O-­‐PET	  Studie	  mit	  9	  gesunden	  Pro-­‐
banden	  konnten	  Paquette	  und	  Kollegen	  feststellen,	  dass	  die	  Interaktion	  von	  katho-­‐
daler	   tDCS-­‐Stimulation	   des	  Motorkortex	   (Anode	  dominante	  Hemisphäre	   des	  Mo-­‐
torkortex,	   Kathode	   nicht-­‐dominante	   Seite,	   2mA,	   4	   Minuten	   pro	   Trial)	   und	   einer	  
einfachen	  motorischen	  Aufgabe	  im	  Vergleich	  zur	  Placebo-­‐Stimulation	  zu	  einer	  Re-­‐
duktion	   des	   regionalen	   zerebralen	   Blutflusses	   unterhalb	   der	   Kathode	   führte	  
(Paquette	   et	   al.,	   2011).	   Die	   Autoren	   diskutieren,	   ob	   es	   die	   Interaktion	   zwischen	  
Aufgabe	   und	   Stimulation	   ist,	   die	   zu	   regionalen	   zerebralen	   Blutfluss	   	   (rCBF)-­‐
Veränderungen	  führt	  (ebd.).	  Polonia	  und	  Kollegen	  führten	  eine	  weitere	  maskenba-­‐
sierte	   funktionelle	   MRT-­‐Konnektivitätsstudie	   an	   13	   gesunden	   Probanden	   durch,	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indem	  sie	  den	  Motorkortex	  mit	  einer	  Scheinstimulation,	  einer	  anodalen	  tDCS	  oder	  
einer	  kathodalen	  tDCS	  stimulierten	  (Anode	  M1,	  Kathode	  supraorbital,	  10	  Minuten,	  
1mA)	  (Polania	  et	  al.,	  2011a).	  Sowohl	  die	  funktionelle	  Konnektivität	  zwischen	  dem	  
Thalamus	  und	  dem	   ipsilateralen	  M1,	  als	  auch	  die	   funktionelle	  Konnektivität	   zwi-­‐
schen	  dem	  linken	  Nucleus	  Caudatum	  und	  dem	  parietalen	  Kortex	  waren	  signifikant	  
erhöht	   im	   Vergleich	   von	   echter	   zur	   Scheinstimulation.	   Kathodale	   tDCS	   über	   M1	  
reduziert	  hingegen	  die	  funktionelle	  Koppelung	  zwischen	  dem	  linken	  M1	  und	  dem	  
kontralateralen	  Putamen	  (ebd.).	  	  
Stagg	   und	   Kollegen	   untersuchten	   die	   Neurotransmitterkonzentration	   mit	   Mag-­‐
netresonanzspektroskopie	   (MRS)	   nach	   anodaler,	   kathodaler	   oder	   einer	   Schein-­‐
tDCS	  des	  Motorkortex	  (Anode	  M1,	  Kathode	  supraorbital	  rechts,	  1mA,	  10	  Minuten)	  
und	  konnten	  eine	  Reduktion	  der	   inhibitorischen	  Gamma-­‐Amino-­‐Buttersäure	  (GA-­‐
BA)-­‐Neurotransmitterkonzentration	  feststellen,	  während	  kathodale	  tDCS	  Glutamat	  
und	  ebenfalls	  GABA	  reduzierte	  (Stagg	  et	  al.,	  2009b).	  In	  einer	  weiteren	  Arbeit	  fan-­‐
den	  Stagg	  und	  Kollegen,	  dass	  die	  Reduktion	  an	  GABA-­‐Konzentration	  nach	  anodaler	  
M1-­‐Stimulation	  verglichen	  mit	  einer	  Scheinbehandlung	  positiv	  mit	  dem	  Grad	  mo-­‐
torischen	  Lernens	  und	  der	  Veränderung	  des	  fMRT	  Signals	  korrelierte	  (Stagg	  et	  al.,	  
2011).	  Bisher	  gibt	  es	  noch	  wenige	  bildgebende	  Studien	  hinsichtlich	  der	  Stimulation	  
des	  präfrontalen	  Kortex.	  
	  
1.4.2	  Präfrontale	  tDCS	  
	  
Merzagora	   und	   Kollegen	   verwendeten	   funktionelle	   Nahinfrarotspektroskopie	  
(fNIRS)	  (Merzagora	  et	  al.,	  2009),	  um	  die	  Effekte	  der	  bilateralen	  präfrontalen	  tDCS	  
zu	  untersuchen	  (Anode	  Fp1,	  Kathode	  Fp2,	  10	  Minuten,	  1mA).	  Sie	  beobachteten	  in	  
der	  Nähe	  	  der	  Anode	  eine	  lokale	  relative	  Zunahme	  der	  Konzentration	  von	  Oxyhä-­‐
moglobin.	  	  
In	   der	   von	   uns	   durchgeführten	   funktionellen	  MRT-­‐Konnektivitätsstudie	   konnten	  
wir	  erhöhte	  funktionelle	  Konnektivität	  bei	  13	  gesunden	  Probanden	  im	  sogenann-­‐
ten	   ‚Default	  Mode	  Netzwerk’	  und	  im	  ‚fronto-­‐parietalen	  Netzwerk’	  nach	  präfronta-­‐
ler	   tDCS	   im	   Vergleich	   zu	   einer	   Scheinstimulation	   (Anode	   linker	   dorsolateraler	  
präfrontaler	   Kortex,	   Kathode	   supraorbital	   rechts,	   20	   Minuten,	   2mA)	   feststellen	  
(Keeser	  et	  al.,	  2011b).	  Pena-­‐Gomez	  und	  Kollegen	  fanden	  ebenfalls	  nach	  präfronta-­‐
ler	   Gleichstromstimulation	   (Anode/Kathode	   dorsolateral-­‐präfrontal	   links,	   Katho-­‐
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Abbildung	  6:	  	  
Modulation	  der	  frontalen-­‐parietalen	  Konnektivität	  (C,	  D)	  nach	  echter	  präfrontaler	  tDCS,	  während	  das	  
sogenannte	  Default-­‐Mode-­‐Netzwerk	  (DMN)	  unter	  der	  Scheinstimulation	  (A,B)	  unverändert	  geblieben	  
ist	   (Anti-­‐Korrelation	  nach	  echter	  präfrontaler	   tDCS).	  Bild	   links:	  Anode	   links	  DLPFC,	  Kathode	  supraor-­‐
bital-­‐rechts,	  Bild	  rechts:	  Anode	  rechts	  DLPFC,	  Anode	  supraorbital-­‐links.	  
(Abb.	  adaptiert	  von	  Pena-­‐Gomez	  et	  al.	  2011)	  
de/Anode	  supraorbital	  rechts,	  2mA,	  20	  Minuten)	  	  erhöhte	  fronto-­‐parietale	  funkti-­‐
onelle	   Konnektivität,	   während	   sich	   das	   DMN	   deaktivierte	   (Pena-­‐Gomez	   et	   al.,	  
2011).	   Die	  Wirkung	   von	   tDCS	   am	  Menschen	   konnte	  mit	   Hilfe	   von	   bildgebenden	  
Verfahren	  	  in	  ersten	  Studien	  nachgewiesen	  werden.	  Am	  Tier-­‐	  und	  Computermodell	  
gibt	  es	  weitere	  modellierte	  neurophysiologische	  Arbeiten,	  die	  zusätzliche	  wertvol-­‐




1.5 Tierexperimentelle Untersuchungen und computerbasierte Modelle 
In	  tierexperimentellen	  Untersuchungen	  wurde	  bereits	  Anfang	  der	  60er	  Jahre	  ent-­‐
deckt,	  dass	  anodale	  Gleichstromstimulation	  von	  mehr	  als	  5	  Minuten	  zu	  einer	  un-­‐
terschwellige	  Depolarisierung	  des	  Ruhemembranpotentials	   führte,	  was	   zu	   einem	  
Anstieg	  der	  neuronalen	  Spontanaktivität	   führte,	  während	  kathodale	  Gleichstrom-­‐
stimulation	  eine	  Hyperpolarisierung	  des	  Ruhemembranpotentials	  mit	  einem	  Abfall	  
neuronaler	   Spontanaktivität	   erzeugte	   (Creutzfeldt	   and	   Struck,	   1962;	   Bindman	   et	  
al.,	  1964;	  Purpura	  and	  McMurtry,	  1965),	  siehe	  Abb.	  7.	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Die	   anodale	   tDCS	   des	   sensomotorischen	   Kortex	   mit	   einer	   Stimulationsintensität	  
von	  3	  mA	  für	  30	  Minuten	  bei	  Ratten	  	  erhöhte	  die	  Kalziumionen	  	  über	  das	  Stimula-­‐
tionsende	  hinaus	  (Islam	  et	  al.,	  1995).	  Die	  Erhöhung	  war	  sowohl	  in	  der	  stimulierten	  
Hemisphäre	  als	  auch	  im	  Hippocampus	  und	  im	  Thalamus	  bis	  24	  Stunden	  nach	  der	  
Stimulation	  feststellbar	  (ebd.).	  	  
Weitere	  elektrophysiologische	  Untersuchungen	  von	  Bikson	  und	  Kollegen	  zeigten,	  
dass	   die	   Gleichstromstimulation	   von	   Ratten-­‐Hippocampus-­‐Schnitten	   die	   Netz-­‐
werkfunktion,	   sowie	   die	   Exzitabilität	   kurz-­‐	   und	   langfristig	   veränderte	   (Bikson	   et	  
al.,	  2004).	  Die	  maximale	  Stimulation	  zeigte	  sich	  in	  den	  basalen	  und	  apikalen	  Den-­‐
triten	  (ebd.).	  	  
An	   Ratten	  wurde	   zudem	   die	   kortikal	   sich	   ausbreitende	   Depression	   (CSD)	   unter-­‐
sucht,	  wobei	  nur	  die	  anodale	  tDCS	  einen	  signifikanten	  Effekt	  auf	  die	  CSD	  ausübte,	  
was	  als	  ein	  Indikator	  für	  den	  Grad	  der	  kortikalen	  Erregbarkeit	  angesehen	  werden	  
kann	   	  (Liebetanz	  et	  al.,	  2006a).	  Zudem	  wurde	  in	  Ratten	  der	  antikonvulsive	  Effekt	  
bei	  Epilepsie	  untersucht	  und	  diskutiert	  (Liebetanz	  et	  al.,	  2006b).	  Anhand	  von	  Rat-­‐
ten-­‐Hippocampus-­‐Schnittexperimenten	   und	   einer	   computerunterstützten	   Model-­‐
lierung	  konnten	  Reato	  und	  Kollegen	  nachweisen,	  dass	  schwacher	  Gleichstrom	  die	  
neuronale	   Feuerungsrate	   in	   einer	   asymmetrischen,	   aber	   ausgeglichenen	   Weise	  
moduliert	   (Reato	   et	   al.,	   2010).	   Eine	   weitere	   Arbeit	   von	   Wachter	   und	   Kollegen	  
brachte	   den	  Nachweis,	   dass	   tDCS	   die	   kortikale	   Blutperfusion	   in	   einer	   polaritäts-­‐
spezifischen	  Weise	  verändert,	  wo	  anodale	   tDCS	  von	  0,1	  mA	  den	  zerebralen	  Blut-­‐
Stimulation	  (obere	  Grafik),	  während	  kathodale	  Stimulation	  zu	  einer	  Abnahme	  der	  neuronalen	  Aktivität	  führte	  
(Grafik	  unten).	  Die	  Stimulationen	  zeigten	  Nacheffekte,	  die	  bis	  zu	  mehreren	  Stunden	  nachweisbar	  waren.	  	  
(Abb.	  adaptiert	  von	  Bindman	  et	  al.	  1964)	  
Abbildung	  7:	  	  
Bindmann	   und	   Kollegen	  
(1964)	   stimulierten	   den	  
primären	   sensorischen	   Kor-­‐
tex	   von	  Ratten.	  Die	  Aktions-­‐
potentiale	   der	   stimulierten	  
Rattenkortexe	   wurden	   kon-­‐
tinuierlich	   aufgezeichnet	  
(Baseline-­‐Aktivität	   zu	   Be-­‐
ginn).	   Die	  weißen	  Balken	   (x,	  
y)	  zeigen	  die	  anodale	  Stimu-­‐
lation	   für	   20	   Minuten	   mit	  
einer	  Intensität	  von	  0.25	  μA,	  
während	   der	   schwarze	   Bal-­‐
ken	   (b,	   c)	   den	   Beginn	   der	  
kathodalen	   Stimulation	  
angibt.	   Anhand	   der	   x-­‐Achse	  
(Zeit	   in	   Stunden)	   sieht	   man	  
eine	   Zunahme	   der	   Aktions-­‐
potentiale	   nach	   anodaler	  
Stimulation	   (obige	   Grafik),	  
während	   kathodale	   Stimula-­‐
tion	  zu	  einer	  Abnahme	  führ-­‐
te	   (Grafik	  unten).	  Die	  Stimu-­‐
lationen	   zeigten	   Nacheffek-­‐
te,	   die	   bis	   zu	   mehreren	  
Stunden	  nachweisbar	  waren.	  	  
(Abb.	   adaptiert	   von	   Bindb-­‐
man	  et	  al.	  1964)	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fluss	  um	  25%	  erhöhte,	  während	  kathodale	  tDCS	  den	  umgekehrten	  Effekt	  zur	  Folge	  
hatte	  (Wachter	  et	  al.,	  2011).	  Erhöhte	  fMRT	  Signalintensitäten	  konnten	  in	  der	  Ratte	  
im	   frontalen	   Kortex	   und	   im	  Nucleus	   Accumbens	   nach	   anodaler	   tDCS	   festgestellt	  
werden,	  was	   ein	  Hinweis	   dafür	   ist,	   dass	   frontale	   tDCS	   neuronale	   Aktivierung	   im	  
frontalen	  Kortex	  und	  verbundenen	  Arealen	  zur	  Folge	  hat	  (Takano	  et	  al.,	  2011).	  	  In	  
einer	   ersten	   Pilotstudie	   wurde	   die	   Rolle	   des	   kortikalen	   Zelltyps	   hinsichtlich	   des	  
elektrisch	   induzierten	   Feldes	   in	   Motorkortex-­‐Schnitten	   von	   Ratten	   untersucht	  
(Pogosyan	  et	  al.,	  2009).	  Das	  Soma	  der	  Pyramidalneurone	  aus	  der	  Schicht	  5	  zeigte	  
sich	  am	  sensitivsten	  gegenüber	  der	  Polarisation	  (ebd.).	  Ferner	  betonen	  die	  Auto-­‐
ren,	  dass	  basale	  wie	  auch	  apikale	  Dendriten	  in	  entgegengesetzte	  Richtungen	  pola-­‐
risiert	  werden	   (siehe	  Abb.	   8),	   so	   dass	  man	  nicht	   davon	   ausgehen	   kann,	   dass	   ein	  
elektrisches	  Feld	  eine	  global	  polarisierende	  oder	  




Um	   die	   Verteilung	   des	   durch	   tDCS	   induzierten	  
elektrischen	   Feldes	   im	   Gehirn	   vorherzusagen,	  
wurden	  verschiedene	  Elektroden-­‐Positionen	  ma-­‐
thematisch	  modelliert	  (Miranda	  et	  al.,	  2006;	  Wagner	  et	  al.,	  2007b).	  Ein	  kugelförmi-­‐
ges	  Standardkopfmodell	  unter	  verschiedenen	  bipolaren	  Elektrodenmontagen	  und	  
einer	  Stimulationsintensität	  von	  2	  mA	  führte	  zu	  kortikalen	  Stromdichten	  von	  0.01	  
mA/cm2	   (Miranda	   et	   al.,	   2006),	   während	  Wagner	   und	   Kollegen	   (Wagner	   et	   al.,	  
2007b)	   Stromdichtemaxima	   zwischen	   0.77	   und	   2	   mA/cm2	   für	   unterschiedliche	  
Elektroden-­‐Montagen	  nach	  der	   theoretischen	   Induktion	  von	  1	  mA	   tDCS	   in	  einem	  
Abbildung	  8:	  	  
Schematisch	   dargestelltes	   Modell	   der	  
kortikalen	   Neuronen-­‐Polarisation	   durch	  
Gleichstromstimulation.	   Ein	   konstanter	  
Gleichstrom	  wird	  zwischen	  den	  Stimula-­‐
tionselektroden	   (rot:Anode,	  
blau:Kathode)	  appliziert.	  Die	  induzierten	  
elektrischen	  Ströme	  über	  einen	  gleichar-­‐
tigen	   spezifischen	  Widerstand,	   schaffen	  
einen	   gleichförmigen	   Stromspannungs-­‐
anstieg	   zwischen	   der	   Anode	   und	   der	  
Kathode.	  Da	  das	  elektrische	  Feld	  gleich-­‐
förmig	   ist,	   hat	   die	   absolute	   Position	  
eines	  Neurons	   zwischen	   der	   Anode	   und	  
der	   Kathode	   keine	   Bedeutung.	   (1,2)	  
blaue	  Membran:	  induzierte	  Hyperpolari-­‐
sation;	  rote	  Membran:	   induzierte	  Depo-­‐
larisation.	   (3)	   Die	   Zellmembranenbio-­‐
physik	   und	   die	   Zellmorphologie	   bestim-­‐
men	   die	   Polarisation	   hinsichtlich	   des	  
elektrischen	  Felds.	  (4)	  Position	  des	  Soma	  
im	   Dendriten-­‐Baum	   bestimmt,	   ob	   es	  
depolarisiert	  oder	  hyperpolarisiert	  wird.	  
(5)	   Bestimmte	   Morphologien	   der	   Zelle	  
können	   dazu	   führen,	   dass	   diese	   nicht	  
polarisiert	   werden,	   auch	   wenn	   die	  
Dendriten	  polarisiert	  werden.	  
	  
	  (Abb.	   adaptiert	   von	   Radman	   et	   al.	  
2009)	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realistischen	  MRI-­‐basierten	  Finite-­‐Elemente-­‐Kopfmodell	  errechneten.	  Die	  bisheri-­‐
ge	   Modellierung	   zeigte	   eine	   beachtenswerte	   Induktion	   von	   Stromdichten	   nach	  
tDCS-­‐Applikation.	  Miranda	  und	  Kollegen,	   als	   auch	  Wagner	  und	  Kollegen	  konnten	  
ferner	   ein	   nicht-­‐fokales	   elektrisches	   Feld	   nahe	   der	   Stimulationselektroden	   nach-­‐
weisen	  (Miranda	  et	  al.,	  2006;	  Wagner	  et	  al.,	  2007b).	  Eine	  weitere	  Modellstudie,	  die	  
das	  anisotrope	  Gewebe	  der	  weißen	  Substanz	  in	  ihrer	  Studie	  besonders	  berücksich-­‐
tigte,	  kam	  zu	  dem	  Ergebnis,	  dass	  die	  weiße	  Substanz	  einen	  signifikanten	  Effekt	  auf	  
die	  Stimulation	  des	  Gehirns	  habe	  (Suh	  et	  al.,	  2009).	  Zudem	  benötige	  man	  nur	  0,5	  
mA	  direkt	   unter	   der	  Anode,	   um	   eine	   Stromstärke	   von	  0,31mV/mm	  zu	   erzeugen,	  
während	  es	  2,02	  mA	   in	  einem	  fixen	   isotropischen	  Modell	  gewesen	  sind	  und	  2,39	  
mA	  und	  2,39	  mA	   in	  einem	  variablen	  anisotropischen	  Modell	   (ebd.).	  Die	  optimale	  
Stimulationskonfiguration	  wird	   auch	   in	   einer	   Studie	   an	   Schmerzpatienten	   disku-­‐
tiert,	   in	  der	  wiederum	  anhand	  eines	  Finite-­‐Elemente-­‐Kopfmodells	  und	  klinischen	  
Ergebnissen	  die	  supraorbitale	  Elektrode	  effektiv	  gewesen	  ist.	  Die	  anodale	  und	  die	  
kathodale	   Stimulation	   führten	   zu	   ähnlichen	   Ergebnissen.	   Das	   Resultat	   hatte	   für	  
eine	  Elektrode	  außerhalb	  des	  Kopfbereichs	   (extracephalic	   electrode)	   für	  den	  Be-­‐
reich	  Schmerz	  allerdings	  klinisch	  keinen	  Effekt	  (Mendonca	  et	  al.,	  2011).	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2.1  Prefrontal direct current stimulation modulates resting EEG and 
event-related potentials in healthy subjects: A standardized low 
resolution tomography (sLORETA) study 
	  
Bis	  zu	  dem	  Zeitpunkt	  unserer	  Veröffentlichung	  hat	  es	  keine	  EEG-­‐Untersuchung	  mit	  
präfrontaler	  tDCS	  im	  wachen	  Ruhezustand	  und	  während	  einer	  Arbeitsgedächtnis-­‐
aufgabe	   gegeben.	   Wir	   untersuchten	   den	   Zusammenhang	   zwischen	   präfrontaler	  
Gleichstromstimulation	   (Anode	   dorsolateral-­‐präfrontal	   links,	   Kathode	   rechts-­‐
supraorbital,	  2	  mA,	  20	  Minuten)	  und	  der	  EEG-­‐Aktivität	  im	  Ruhezustand	  und	  wäh-­‐
rend	   eines	   Arbeitsgedächtnistests	   („n-­‐back“-­‐Test).	   Verglichen	  mit	   einer	   Placebo-­‐
stimulation	  führte	  die	  echte	  Gleichstromstimulation	  zu	  einer	  Modulation	  von	  Del-­‐
taaktivität	   im	   Ruhezustand.	   Als	   mögliche	   Quelle	   für	   die	   EEG-­‐Oberflächen-­‐
veränderungen	  zeigte	  sich	  reduzierte	  Delta-­‐Theta	  Power	  im	  Bereich	  des	  subgenua-­‐
len	  Kortex	  (BA	  25)	  und	  des	  anterioren	  Cingulums	  (BA	  32).	  In	  dem	  anschließenden	  
„n-­‐back“-­‐Test	  erhöhte	  die	  echte	  tDCS	  die	  Gedächtnisleistungen	  (Fehlerrate,	  Genau-­‐
igkeit,	   Reaktionszeit).	  Dies	   ging	   einher	  mit	   erhöhten	  P2-­‐	   und	  P3-­‐Amplituden	  der	  
ereigniskorrelierten	  Potentiale	  für	  die	  2-­‐back	  Kondition.	  Quellenlokalisiert	  konnte	  
erhöhte	   Aktivität	   im	   ‚parahippokampalen	   Gyrus’	   links	   festgestellt	   werden.	   Diese	  
Ergebnisse	   unterstützen	  die	  Hinweise,	   dass	   präfrontale	   tDCS	  neuronale	  Aktivität	  
moduliert	  und	  die	  Gedächtnisleistungen	  verbessert.	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Prefrontal transcranial direct current stimulation (tDCS)with the anode placed on the left dorsolateral prefrontal
cortex (DLPFC) has been reported to enhanceworkingmemory inhealthy subjects and to improvemood inmajor
depression. However, its putative antidepressant, cognitive and behavior action is not well understood. Here, we
evaluated the distribution of neuronal electrical activity changes after anodal tDCS of the left DLPFC and cathodal
tDCS of the right supraorbital region using spectral power analysis and standardized low resolution tomography
(sLORETA). Ten healthy subjects underwent real and sham tDCS on separate days in a double-blind,
placebo-controlled cross-over trial. Anodal tDCS was applied for 20 min at 2 mA intensity over the left DLPFC,
while the cathodewas positioned over the contralateral supraorbital region. After tDCS, EEGwas recorded during
an eyes-closed resting state followed by a working memory (n-back) task. Statistical non-parametric mapping
showed reduced left frontal delta activity in the real tDCS condition. Specifically, a significant reduction of mean
current densities (sLORETA) for thedelta bandwasdetected in the left subgenual PFC, the anterior cingulateand in
the leftmedial frontal gyrus.Moreover, the effectwas strongest for the first 5 min (pb0.01). The following n-back
task revealed a positive impact of prefrontal tDCS onerror rate, accuracy and reaction time. Thiswas accompanied
by increased P2- and P3- event-related potentials (ERP) component-amplitudes for the 2-back condition at the
electrode Fz. A source localization using sLORETA for the timewindow 250–450 ms showed enhanced activity in
the left parahippocampal gyrus for the 2-back condition. These results suggest that anodal tDCS of the left DLPFC
and/or cathodal tDCS of the contralateral supraorbital region may modulate regional electrical activity in the
prefrontal and anterior cingulate cortex in addition to improving working memory performance.
© 2010 Elsevier Inc. All rights reserved.
Introduction
Transcranial direct current stimulation (tDCS) is a non-invasive
brain stimulation method that shifts neuronal resting membrane
potentials towards depolarization or hyperpolarization, depending on
whether anodal or cathodal stimulation is applied, leading to changes
of cortical excitability and other functional parameters (Nitsche et al.,
2008, 2003a,b). More recently, Nitsche and Paulus (2000, 2001)
revisited this approach in humans and demonstrated that anodal tDCS
increases and cathodal tDCS decreases motor cortex excitability
(Nitsche and Paulus, 2000, 2001). When applied for 9–13 min, tDCS
produces post-stimulation effects in the human motor cortex that are
stable for up to 1 h and longer (Nitsche et al., 2003c; Nitsche and
Paulus, 2001). As demonstrated in animal experiments, the primary
mechanism of tDCS appears to be a subthreshold modulation of
neuronal resting membrane potential (Purpura and McMurtry, 1965).
Accordingly, pharmacologically blocking voltage-dependent ion
channels in humans abolishes any effect of depolarizing anodal tDCS
on cortical excitability, but does not influence the impact of
hyperpolarizing cathodal tDCS (Nitsche et al., 2003a). Pharmacolog-
ical studies have proven that tDCS related effects depend on changes
of NMDA receptor-efficacy (Liebetanz et al., 2002). Recently, Stagg
et al. (2009) demonstrated changes in GABA levels after anodal tDCS
using magnetic resonance spectroscopy (MRS), suggesting that
anodal excitatory effects do affect GABAergic inhibition in addition
to NMDA-receptor dependency (Stagg et al., 2009). Based on initial
studies, combining tDCS and EEG, a direct impact of tDCS on
oscillatory activity was observed (Ardolino et al., 2005; Marshall
et al., 2004). During slow-wave sleep (SWS) bilateral frontal
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sinusoidal anodal tDCS reduced the average power in the theta and
alpha-1-bands in frontal, central and parietal electrode locations
(Marshall et al., 2004). Compared to placebo stimulation, frontal
anodal tDCS during SWS-rich sleep distinctly increased the retention
of word pairs (Marshall et al., 2004). Ardolino et al. (2005) also found
a widespread impact of tDCS on the EEG (Ardolino et al., 2005).
Increasing amounts of delta and theta activity were found after
cathodal DC stimulation (15 min, 1.5 mA) to the right motor cortex,
extending beyond the primary stimulation site (Ardolino et al., 2005).
These EEG pilot studies are indicative of possible large-scale network
changes following tDCS. Using positron emission tomography, Lang et
al. (2005) showed that anodal tDCS increased the rCBF in widespread
cortical and subcortical areas in comparison to cathodal tDCS, while
cathodal stimulation entailed an excitability decrease of themetabolic
activity in the corresponding areas (Lang et al., 2005).
One mode of tDCS application, namely anodal tDCS of the left
dorsolateral prefrontal cortex (DLPFC) and cathodal stimulation of the
right supraorbital region, has been associated with working memory
enhancement and improvement in other cognitive domains (Boggio
et al., 2006; Dockery et al., 2009; Elmer et al., 2009; Ferrucci et al.,
2008; Fertonani et al., 2010; Fiori et al., 2010; Fregni et al., 2005;
Kincses et al., 2004; Marshall et al., 2004; Ohn et al., 2008).
Memory processes of healthy subjects were enhanced after left
anodal DLPFC tDCS with the cathode placed on the right frontocortical
regions (Fregni et al., 2005; Kincses et al., 2004; Marshall et al., 2004,
2005; Ohn et al., 2008). Moreover, prefrontal tDCS is supposed to
modulate pain perception (Boggio et al., 2009, 2008b), seems to
influence social behavior (Knoch et al., 2008) and shows an impact on
risk taking behavior (Beeli et al., 2008a,b; Fecteau et al., 2007a,b).
Prefrontal tDCS may even influence the desire for specific foods
(Fregni et al., 2008) and the reaction time to lies (Priori et al., 2008).
In depressed subjects promising pilot data of prefrontal tDCS were
reported, suggesting a therapeutic action of real tDCS compared to sham
tDCS (Boggio et al., 2007, 2008a; Ferrucci et al., 2009; Fregni et al., 2006;
Rigonatti et al., 2008), whereas the effect of one single tDCS-session on
healthy subjects had no mood-altering effects (Koenigs et al., 2009).
The mechanism of action of prefrontal tDCS is not completely
understood and to date there has been no study about the effects of
prefrontal tDCS on resting EEG. Moreover, as prefrontal tDCS seems to
influence awide range of disorders and behaviors, resting state EEG and
source analysis techniques may help to better understand prefrontal
tDCS induced post-stimulation effects. Furthermore, TMS, MRS and
imaging studies are only an indirect proof of the neuronal activity and
were predominantly applied to the motor cortex in the past to test the
effects of tDCS on brain physiology. We therefore investigated the
effects of anodal tDCS of the left DLPFC and cathodal tDCS of the
supraorbital region in a placebo-controlled cross-over study in healthy
subjects, applying resting state EEG with spectral power analysis and
standardized low resolution tomography (sLORETA). Following resting-
state EEG all healthy subjects underwent a working memory task (n-
back) with event-related potential (ERP) recording. As prefrontal tDCS
has been found to influence working memory performance, we
intended to replicate this behavioral finding and hypothesized that




Ten healthy subjects (five women, five men, mean age=28.89 years,
SD=2.67) participated in this study. All subjects underwent a semi-
Fig. 1. a) experimental design (prior to the experiments the healthy subjects were introduced and trained to the n-back-task). b) n-back working memory paradigm.
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structured interview (including the M-CIDI-S interview and a
semantic word fluency task (Wittchen and Müller, 1998) showing
that they were without history of neurological and/or psychiatric
diseases and free of medication affecting the central nervous system.
All subjects were right-handed (Edinburgh handedness test (Oldfield,
1971)) and homogenous with regard to education (universitymasters
degree or medical students). This study was approved by the local
ethics committee of the Faculty of Medicine, Ludwig-Maximilian
University Munich, Germany. Written informed consent was obtained
from each subject and they were paid for their participation. All
subjects underwent single sessions of active anodal tDCS and sham
tDCS on separate days in randomized order with both conditions
counterbalanced across subjects and with an intersession interval of
at least 1 week (see Fig. 1a). In addition, mood changes were assessed
using the Positive and Negative Affect Schedule (PANAS) (Watson et
al., 1988) before and after tDCS and after the end of EEG recording.
tDCS
An Eldith DC stimulator approved for use in humans was used for
active stimulation (Neuroconn, Ilmenau, Germany). For sham tDCS, a
custom-built placebo stimulator (Neuroconn, Ilmenau, Germany) was
used, which was indistinguishable from the active tDCS device to both
the operator who administered tDCS and the subjects participating in
the trial. Two water-soaked sponge electrodes were used for
stimulation (7×5 cm, 35 cm2). The anode was placed above the left
DLPFC with the center above F3 (10–20 system) and the cathode
above the right supraorbital region, as previously reported (Fregni
et al., 2006). Each tDCS conditionwas applied for 20 min (15 s ramp in
and 15 s ramp out) at 2 mA stimulation intensity. The impedance was
controlled by the device, normally ranging below 10 kΩ, limited by
the voltage at less than 26 V.
EEG recording
Acute effects of tDCS on the EEG were assessed using a Neuroscan
Synamps apparatus togetherwith an electrode capwith 32 electrodes.
The recordings took place approximately 5–10 min after each tDCS
treatment session with 25 electrodes (all referred to channel Cz).
Electrode skin impedance was always less than 5 kΩ. The electrodes
were placed according to the International 10/20 system (Jaspers,
1958) with the additional electrodes FC1, FC2, FC5, FC6, CP5 and CP6.
The electrooculogram was measured below the left eye and Fpz
served as ground electrode. The subjects were instructed to remain in
an alert state with their eyes closed in a sound-attenuated room. The
EEG was recorded for 10 min with a sampling rate of 1000 Hz and an
analogous bandpass filter (0.16–200 Hz). Offline, we changed the
sampling rate to 250 Hz and used a 70 Hz low-pass filter. Before
analysis, artifact detection was performed automatically (threshold
70 microvolt (μV)) and visually involving all EEG channels and EOG
with the exclusion of all EEG segments that contained obvious eye or
muscle artifacts or a decrease in alertness. Additionally, the EEG was
analyzed four times independently by two experienced neurophy-
siologists blinded to the stimulation condition. After relation to the
average reference, spectral analysis was performed for 25 electrodes
(due to electrode and/or muscle artifacts in some subjects, it was
necessary to exclude the electrodes T1, T2, P09 and P10 in the whole
sample). The EEG was Fourier-transformed for at least 2-second
epochs using the Brain Vision Analyzer software Version 1.05. Epochs
were reduced to an average of 160 artifact-free epochs (2 min and
40 s) for the entire sample. The EEG epochs were acquired choosing
the best quality, excluding blinking, muscle and electrode artifacts. At
least 100 artifact-free segments were required from each subject for
fast Fourier transformation and power spectral analysis (PSD) of the
Delta (1–4 Hz), Theta (4–8 Hz), Alpha (8–12 Hz), Beta (12–25 Hz)
and Gamma (30–40 Hz) frequency bands. Repeated-measure analy-
ses of variance (ANOVAs) were used to test for differences between
the conditions (anodal vs. sham) in EEG absolute power (μV2).
Multivariate normal distribution was checked with the Mauchly test
of sphericity, and the Greenhouse-Geisser correction was applied,
when necessary. A p valueb0.05 was considered significant. Student's
t-tests were used for post hoc analysis (single electrode comparisons).
Statistics were performed using the SPSS 13.0 software (Statistical
Package for Social Sciences, SPSS Inc, Chicago).
sLORETA
We performed a current density analysis in 3-D Tailarach/MNI
space of the scalp-recorded electrical activity using the sLORETA/
eLORETA software package (Pascual-Marqui, 2002). LORETA images
represent the electrical activity of each voxel in the neuroanatomic
Talairach/MNI space as amplitude of the computed current source
density (μA/mm2). LORETA estimates the distribution of electrical
neural activity in the 3-D space, based on the measurements of a
dense grid of electrodes, which are placed on the entire scalp surface
covering the brain. The first version of LORETA (Pascual-Marqui et al.,
1994) has been validated extensively in the past using PET (Pae et al.,
2003; Pizzagalli et al., 2004; Zumsteg et al., 2005b), functional
magnetic resonance imaging fMRI (Mulert et al., 2004; Vitacco et al.,
2002) and intra-cerebral recordings (Zumsteg et al., 2005a, 2006).
Moreover, even deep structures with mesial hippocampal and
subcallosal cingulate foci could be correctly classified with LORETA
in the past (Pizzagalli et al., 2004; Zumsteg et al., 2005b). Pizzagalli et
al. (2004) demonstrated a highly correlated correspondence between
LORETA measures of activation in subgenual cingulate and PET
measures of glucose metabolism (Pizzagalli et al., 2004). These results
can also be applied on sLORETA (Pascual-Marqui, 2002), which is an
advanced version of the previous LORETA method.
The version of LORETA used in the present study, sLORETA
(Pascual-Marqui, 2002), estimates the current source density distri-
bution for epochs of brain electrical activity on a dense grid of 6239
voxels at 5 mm spatial resolution. The effects of tDCS on sLORETA
were obtained for both experimental conditions (real and sham tDCS)
and compared between groups with t-statistical non-parametric
mapping, using the implemented statistical nonparametric mapping
(SnPM) tool. The significance level applied to the data was set at
pb0.05 (significant effect) and pb0.10 (statistical trend).
n-back task
Prior to tDCS experiments (study design, see Fig. 1a) a baseline
n-back task was conducted on a separate day. Following EEG
recordings after real or sham tDCS, all subjects underwent the same
working memory n-back task (see Figs. 1a,b). In the n-back paradigm
figures of cardinal numbers 1–4 were presented in pseudorando-
mized order on the screen with an interval of 1800 ms between
stimuli. Each number was presented for 400 ms. The easiest task
consisted of simply pressing the key that appeared immediately on
the screen (0-back). For 1-back the number which was presented a
passageway before had to be pressed. 2-back required to press the
Table 1
PANAS mean ratings and standard deviations before and after real or sham stimulation.
Real tDCS and EEG Sham tDCS and EEG
Before After Before After
PANAS
Positive affect 26.80 (5.14) 27.60 (5.69) 28.00 (5.14) 27.10 (3.84)
Negative affect 11.40 (2.55) 11.50 (2.17) 11.60 (2.01) 11.10 (1.91)
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button according to the number presented two trials back. The
different conditions were presented in 6 blocks and every block
consisted of 14 trials. The subjects were informed about all tasks at the
beginning by displaying 0-, 1-, and 2-back on the center of the screen
between blocks and as headline during thewhole experiment. Stimulus
presentationwas computerized (Presentation, Version 9.13). In order to
ensure that participants can principally perform the task, they could
practice several minutes before the recording started.
ERP recording
Eye artifact correction
Eye artifact and brain activities were considered as concurrent
overlapping processes and separated using the principle of multiple
source artifact correction in BESA 5.1.4.40 software (MEGIS, Graefelf-
ing, Germany): Therefore first a provided surrogate model (BR_Brain
Regions.LR.bsa) consisting of a set of dipole sources was placed
Fig. 2. Effect of real vs. sham tDCS on absolute power (μV2) as a function of single frontal electrode comparisons for the frequency bands Delta (1–4 Hz), Theta (4–8 Hz), Alpha
(8–12 Hz), Beta (12–30 Hz) and Gamma (30–40 Hz). Resting state EEG after real and sham tDCS is given for the frontal electrodes. The green bars show the whole mean EEG record
(10 min), black and white bars represent the first 5 min (0′–5′) of EEG recording. The head in the lower corner right indicates the chosen electrodes. Even electrode numbers
represent the right frontal hemisphere, odd numbers the left frontal hemisphere. Note tDCS was applied to the left DLPFC.
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according to the locations of the EEG generators. Eye artifacts pattern
search was automatically performed. In the next step, the surrogate
dipole model was combined with the source model of the eye artifact.
After that the artifact was subtracted from the data.
ERP averaging
Corrected data were exported into Brain Vision Analyzer 1.05
(Brainproducts, Munich, Germany), re-referenced to common aver-
age after channels T01, T02, P09, P10 were excluded from further
analysis. Then data were filtered (low pass filter 30 Hz, 48 dB/oct;
high pass filter 0.53 Hz, 48 dB oct) and segmented (100 ms pre-
stimulus baseline to 600 ms post stimulus). We analyzed all
components at all channels and selected the P2- and P3-components
for the electrodes Fz, Cz and Pz for further statistical analysis. This
selection was done to restrict our analysis to a more global view on
ERPs. As midline areas are well-known to show replicable compo-
nents and activations during workingmemory tasks, P2- and P3- peak
amplitudes were determined prior to analysis for the experimental
conditions by defining the peakwithin a classified timewindow for P2
(100–250 ms after a stimulus) and P3 (260–400 ms after stimulus).
All sweeps were automatically excluded from averaging if the voltage




Statistical non-parametric comparisons between current source density values of real vs.
sham tDCS stimulations using sLORETA. Results for the delta- and beta-1-band activity.






Medial frontal gyrus −5 20 −20 25 −4.16⁎
Subcallosal gyrus −5 20 −15 25 −4.14⁎
Anterior cingulate −5 20 −10 32 −4.11⁎
Medial frontal gyrus −5 −25 −20 25 −4.06±
Rectal gyrus −10 20 −25 11 −4.01±
b) 0′–5′
Delta Anterior cingulate −5 20 −5 25 −5.45⁎⁎
Anterior cingulate −5 25 −5 24 −5.43⁎⁎
Anterior cingulate −5 20 −10 32 −5.32⁎⁎
Anterior cingulate −5 25 −10 32 −5.30⁎⁎
Subcallosal gyrus −5 25 −15 25 −5.22
Medial frontal gyrus −6 20 −20 11 −5.13
beta Cingulate gyrus 10 20 40 32 3.53±
0′–10′=10 min of EEG recording after tDCS.
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sLORETA
To enhance the spatial sensitivity of our ERP procedure, we used
the following time windows on the EEG source analysis: i) −150–
50 ms ii) 50–250 ms iii) 260–450 ms and iv) 450–650 ms. We used all
scalp electrodes in a source localization analysis using sLORETA. This
was done separately for all 0-, 1- and 2-backs. The significance level
was set to pb0.10 and pb0.05.
Statistics
We used analysis of variance for repeated measures (ANOVA) to
investigate if there was a difference between real and sham tDCS. Data
are reported asmeans and standard deviations.Mauchly's testwas used
to test for sphericity, and the Greenhouse–Geisser correction was
applied if necessary. The Wilcoxon signed rank test (nonparametric
test) was used for the ERP statistics because our sample was reduced to
seven subjects due to artifacts. Given the exploratory character of the
Fig. 3. The effect of real tDCS vs. sham tDCS on themean current source density analyzed by sLORETA. a) for the whole resting-state EEG (10 min): a significant (pb0.042) reduction was
detected for the deltaband (1–6.5 Hz) and localized in the subgenual prefrontal cortex (xyz=−5, 20,−20; BA 25). b) for the time period 0–5 min a significant (p=0.001; two-tailed)
reduction was detected on the mean current source density analyzed by sLORETA. For the deltaband (1–6.5 Hz). The strongest effects were localized in the subgenual prefrontal cortex
(xyz=−6, 20,−20; BA 25). c) for the time period 0–5 min a significant trend (pb0.10) was detected in the gyrus cingulate (xyz=10,20,40; BA 32) of the beta 1 band (13–18 Hz). Note
therewas no significant difference in any other frequency band for the time period 5–10 min, indicating that real vs. sham tDCS had only a significant effect up to 15 min after stimulation
and 5 min after EEG recording on the resting-state EEG.
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study, statistical significance levels were set to p=0.05 and pb0.10
(statistical trend) and not corrected for multiple comparisons. Correla-
tions were calculated using Pearson's correlation coefficient with a
significance level of pb0.05 and a statistical trend (pb0.1). All statistical
analyses were performed using the SPSS 13.0 software (Statistical
Package for Social Sciences, SPSS Inc, Chicago) or the implemented
statistical sLORETA nonparametric mapping (SnPM) tool (Pascual-
Marqui et al., 2002). The SnPM analysis tool includes a correction for
multiple comparisons and does not require any assumption of
Gaussianity (Diener et al., 2010).
Results
Distinguishability of DC stimulators
All subjects were asked if they perceived a difference between the
stimulation conditions and if they could specifically discern real from
placebo tDCS. Nobody was able to distinguish real and sham tDCS, nor
did the reported sensations differ between stimulation conditions.
Mood changes
No side effects of stimulation were reported. There were no
significant differences in the PANAS before and after tDCS (see
Table 1). The Positive Affect Scale showed no main effects for time
(F(1,9)=0.02, p=0.96, n.s.) and stimulation condition (anodal vs.
sham) (F(1,9)=0,11, p=0.75, n.s.) nor for the interaction time x
condition (F(1,9)=1.99; p=0.19, n.s.). On the Negative Affect Scale,
there was no main effects for time (F(1,9)=0.211; p=0.66, n.s.),
stimulation condition (F(1,9)=0.01, p=0.91, n.s.) and the interaction
time x condition (F(1,9)=0.64; p=0.44, n.s.).
Single electrode comparisons
We conducted repeated-measures ANOVA for our main region of
interest, i.e. the prefrontal cortex. A three-way repeated-measures
ANOVAwith condition (anodal, sham), lead (Fp1, Fp2, F7, F3, F4, F8, FC5,
FC1, FC2, and FC6) and frequency band (delta, theta, alpha, beta,
gamma) as within-subjects factors on the absolute EEG power revealed
significant main effects of lead (F(1.55,13.92)=40.21, p=0.0004),
condition x lead (F(12.35,3,79)=7.66, p=0.019), lead x frequency
(F(3.82,34.34)=16,94, p=0.0001) and condition x frequency x lead
(F(3.82,34.39)=3.17, p=0.027). Post-hoc ANOVAs for each frequency
band showed that significant condition x lead interactionswere found in
the delta frequency band (F(5,45)=9.84, p=0.001). The EEG power at
each lead for real and sham tDCS in the delta, theta, alpha, beta and
gamma band are shown in Fig. 2. Prefrontal real tDCS induced a
significant decrease in delta power at the Fp1, Fp2 and F7 electrodes
(Fp1: t(9)=−3.32, p=0.009; Fp2: t(9)=−2.47, p=0.036; F7: t(9)=
−2.66,p=0.026).Analysis of thefirst 5 minof EEG recording(0–5 min)
identified a stronger main effect of lead (F(1.51,13.60)=47.59,
p=0.0002), condition x lead (F(4.4,39.55)=16.59, p=0.0009), lead x
frequency (F(3.65, 32.81)=7.78, p=0.0008) and condition x frequency
x lead (F(4.39,39.50)=8.33,p=0.001).Wedetectedagain a condition x
lead interaction for the delta frequency band. Real tDCS decreased
activity at the frontal leads Fp1, Fp2, F3 and F7 (Fp1: t(9)=−8.49,
p=0.0001; Fp2: t(9)=−5.5, p=0.0003; F3: t(9)=−3.15, p=0.01;
F7: t(9)=−5.58, p=0.0003) and a statistical trend was identified for
FC5 (FC5: t(9)=−2.05, p=0.07). Additionally, prefrontal tDCS had an
effect on the beta band where it significantly increased activity at
Fz (Fz: t(9)=2.31, p=0.046) and F4 (F4: t(9)=2.15, p=0.061).
sLORETA results
In order to further localize the changes in delta activity, sLORETA
was applied. SnPM showed a reduced left frontal delta (1–6.5 Hz)
activity in the real tDCS condition compared to sham tDCS.
Specifically, we detected a decrease in current densities (sLORETA)
in real tDCS compared to sham tDCS for the delta band localized in the
left subgenual PFC/medial frontal gyrus, Brodmann area, BA 25
(t=−4.16, pb0.05), in the subcallosal gyrus, BA 47(t=−4.14,
pb0.05), in the anterior cingulate (ACC), BA 32 (t=−4.11, pb0.05),
in the medial frontal gyrus, BA 25 (t=−4.06, pb0.10) and in the left
rectal gyrus, BA 11 (t=−4.01; pb0.079) (Table 2a, Fig. 3a). We did
not find significant results for any other frequency band.
To further elucidate if there where any time effects we looked at the
sLORETA time course. We found a strong statistical effect (pb0.01) in
thedelta band and a statistical trend (pb0.10) in the beta bandwhenwe
analyzed the first 5 minutes of EEG recording (see Table 2b, Figs. 3b,c).
There was not any significant effect or trend for the later time window
5–10 min. The strongest effect for the source localization was found in
the subgenual PFC (t=−5.13, xyz=−6, 20,−20; BA 25) for the delta
frequency (1–6.5 Hz). A statistical trend of increased activity was found
in the rostral ACC (t=3.53, xyz=5, 20, 40; BA 32) for the beta-1-band
(13–18 Hz).
n-back task: behavioral results
We analyzed the different memory load of the n-back tasks (0-, 1-,
2-back) and all n-backs combined using a two-way repeated-measures
ANOVA,with ‘condition’ (baseline, anodal, sham) andbehavioral n-back
subcategories formiss rate, accuracy, error rate, reaction time aswithin-
subjects factor (see summary, Table 3). For the combined n-backs
accuracy condition the analysis revealed that there were significant
differences between condition (F(2,18)=6.53, p=0.007). Post-hoc
analyses, with a Bonferroni correction for multiple comparisons,
indicated that error rate was significantly lower after real tDCS
(M=0.04±0.03) compared to sham tDCS (M=0.06±0.03), with
p=0.037 and baseline assessment (M=0.07±0.04), with p=0.027.
Analyzing results of the single n-back conditions, we found a significant
effect between conditions only for 2-back (F(2,18)=7.43, p=0.004).
There was a significant lower error rate in the 2-back task after real
stimulation (M=0.08±0.06) in contrast to sham tDCS (M=0.14±
0.06, p=0.013) and baseline (M=0.15±0.09, p=0.018), suggesting
Table 3
Changes in miss rate, accuracy, error rate and reaction time after real and sham tDCS.
Baseline Sham Real
n-back 0-back 1-back 2-back 0-back 1-back 2-back 0-back 1-back 2-back
Miss rate 0.05±0.06 0.09±0.06 0.18±0.12 0.04±0.05 0.12±0.07 0.18±0.11 0.04±0.05 0.13±0.10 0.20±0.11
Accuracy 0.95±0.06 0.85±0.09 0.66±0.17 0.95±0.05 0.84±0.10 0.67±0.13 0.96±0.05 0.83±0.14 0.73±0.13ab
Error rate 0.00±0.00 0.05±0.04 0.15±0.09 0.03±0.005 0.03±0.03 0.14±0.06 0.01±0.004 0.04±0.05 0.08±0.06ab
Reaction time (ms) 523.5±46.5 289.2±43.0 568.0±250.4 509.6±57.2 294.2±93.1 438.9±163.7 463.2±27.2 ab 253.4±48.2c 386.5±150.0c
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that real tDCS especially influences error rate in conditions with higher
memory load.
Additionally, real tDCS significantly reduced reaction time
(M=366.40±57.1) as compared to baseline (M=460.23±95.3),
(F(2,18)=8.70, p=0.002), but not to sham stimulation (M=414.26±
82.6, p=0.19). Comparison between the single n-backs revealed that
therewas a significant effect of condition for the 0-back (F(2,18)=11.17,
p=0.001) and 2-back task (F(2,18)=8.70, p=0.002). Regarding the
0-back condition, real DC stimulation (M=463.19±27.2) reduced the
reaction time significantly as compared to sham tDCS (M=509.62±
57.2, p=0.006) or baseline assessment (M=523.49±46.5, p=0.002).
For the 1-back condition, real tDCS (M=253.38±48.2) reduced reaction
time only trendwise as compared to baseline performance (M=289.2±
43.0;p=0.062) but did not differ from sham tDCS (M=294.23±93.1).
We found a similar result for the 2-back condition where we detected a
significant effect for condition (F(2,18)=4.76, p=0.022), but only a
statistical trend (p=0.084) after real tDCS (M=386.51±150.0) vs.
baseline (M=567.99±250.4) andno difference (p=0.19) compared to
sham tDCS (M=438.94±163.7).
Finally, there was a significant effect of condition for the 2-back
accuracy (F(2,18)=4.97, p=0.019), driven by better accuracy after
real stimulation (M=0.73±0.13) as post hoc contrasts showed that
accuracy was significantly enhanced (p=0.024) compared to sham
stimulation (M=0.67±0.13) and non-significantly improved as
compared to baseline performance (M=0.66±0.17, p=0.13).
n-back task: ERP results
Three subjects were excluded from the analysis because of
artifacts or due to ERP outliers. Table 4 shows ERP amplitudes and
latencies for P2 and P3 amplitudes at midline electrodes (Fz, Cz and
Pz).
Only in the 2-back task P2 potentials were significantly increased
at electrode Fz after real DC stimulation (5.55±1.45 μV) compared to
sham (4.02±1.51 μV, p=0.046, Wilcoxon signed rank test) and
baseline (3.62±1.66 μV, p=0.018, Wilcoxon signed rank test)
conditions. After real tDCS we found a significantly reduced P2
latency (202±32 ms, p=0.042) at Cz compared to baseline.
(Fig. 4c). All results incl. trends are shown in Table 4.
Only in the 2-back condition the P3 potentials were significantly
higher at Fz after prefrontal stimulation (2.10±1.05 μV) compared to
sham stimulation (0.61±0.81 μV, p=0.047, Wilcoxon signed rank
test). Two trends were found for increased voltage at Pz after real
tDCS (9.58.61±2.78 μV, p=0.063, Wilcoxon signed rank test) for the
0-back condition if compared to baseline (8.12±1.74 μV) and for the
2-back condition if real tDCS (7.64±2.17 μV) was compared to
baseline (6.63±1.14 μV, p=0.084 The latency after sham stimulation
(328±44 ms) compared to real tDCS (315±23) at Cz showed a
significant difference (p=0.027, Wilcoxon signed rank test). All
results are shown in Table 4.
Correlation of P2 and P3 results with memory performance after tDCS
Analyses of post-tDCS findings revealed no significant correlations
between the P2-amplitude and miss rate, accuracy, error rate or
reaction time.
Interestingly, Pearson linear correlation analysis showed a signif-
icant negative correlation between the P3 amplitude at electrode Pz
and error rate for the 2-back condition (r=−0.78, p=0.04) at
baseline. In regard to higher memory effort (2-back) higher voltage at
Pz was significantly associated with reduced error rate (r=−0.79,
p=0.04) and reduced reaction time (r=−0.87, p=0.011) after
prefrontal tDCS. These results are shown in Table S1 (Supporting
Information).
Memory effect on sLORETA
We looked on the averaged ERPs within the time windows:−150
to 50 ms, 50–250 ms, 250 ms–450 ms and 450–650 ms for all 0-back,
1-back and 2-back separately. We did not find any significant effects
for the 0-back and 1-back condition. For the 2-back condition there
was a significant effect (pb0.05, two-tailed) in the left parahippo-
campal gyrus (t=7.41, xyz=−15, −3, −21; BA 35) for the time
window 250–450 ms compared to sham tDCS (see Fig. 5).
Discussion
EEG study
Our results suggest that anodal tDCS above the left DLPFC with the
cathode placed supraorbitally on the contralateral side may influence
regional electrical activity in the surface EEG and deeper in the prefrontal
lobe as revealed by sLORETA. However, the underlying mechanisms are
not well understood and several hypotheses might be discussed, e.g.
neuroplastic effects by prolongedweak depolarization/hyperpolarization,
effects on connectednetworks or evenbrain conductivity heterogeneities.
As a matter of fact, other brain stimulation studies of the left DLPFC
showed a similar modulation of regional brain activity in the subgenual
PFC. In several studies combining rTMS with functional neuroimaging
and magnetoencephalography (MEG) (Kimbrell et al., 1999; Maihofner
et al., 2005; Speer et al., 2000), particularly slow magnetoencephalo-
graphic (MEG) activity (2–6 Hz) in the PFC decreased after rTMS of the
left DLPFC (Maihöfner et al., 2005). Regarding brain stimulation studies
of the primary motor cortex, anodal tDCS increased the rCBF in
widespread cortical and subcortical areas as compared to cathodal
tDCS, while cathodal stimulation entailed an excitability decrease of the
metabolic activity in the corresponding areas (Lang et al., 2005).
However, the strongest effects in that study were not seen in the motor
cortex but in the supplementary motor area, suggesting large-scale
network changes due to DC stimulation (Lang et al., 2005). Applying
BOLD fMRI, Baudewig and colleagues found changes of cortical activity
by not primarily in the areas under the tDCS electrodes (Baudewig et al.,
2001), but rather in closely connected brain regions, suggesting a
complex spatial distribution of the tDCS action. However, previous
neuroimaging studies did not investigate possible tDCS effects on
frontal brain regions. For tDCS-induced EEG alterations, it was shown
that cathodal tDCS of the primary motor cortex increases slow-wave
delta and theta EEG activity, while anodal stimulation reduces it, again
also in regions outside the electrode placements (Ardolino et al., 2005).
Another study has recently shown that anodal prefrontal compared to
sham stimulationwith 1 mAhas an effect for up to 10 min after the end
of stimulation on functional near-infrared spectroscopy (Merzagora
et al., 2009). This is in line with our result showing that prefrontal
stimulation with 2 mA had an impact on EEG activity for up to 15 min
after the end of DC stimulation. Our results show that tDCS of the
prefrontal cortex influences cortical dynamics in the frontal network
with a pronounced activation in the medial frontal gyrus, the ACC and
the subgenual cortex. These results are compatiblewith thoseof a recent
prefrontal rTMS study that found a significant reduction of the PET
bindingpotential in almost the same regions of the left DLPFC (BA25, 11
and32) after 10 Hzrepetitive TMS stimulation (ChoandStrafella, 2009).
Amplitude increases in low frequency oscillations are related to a
decreased BOLD signal in fMRI studies — hence an excitatory shift in
neuronal activity from lower to higher frequencies would result in
reduced delta and theta activity and increased beta and gamma
amplitudes. Recently, reduced delta power and increased beta power
were significantly (r=−0.73 and r=0.53) correlated to increased
functional connectivity in a simultaneous EEG-fMRI study (Hlinka
et al., 2010). Here we provide further proof that a more alert state
(may established via excitatory anodal Direct Current brain stimula-
tion) leads to reduced delta power and increased beta power,
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supporting the results of Hlinka and colleagues (Hlinka et al., 2010) on
another experimental domain (non-invasive brain stimulation).
Our study provides first pilot data of tDCS-associated excitability
changes within the DLPFC, extending the previous results of motor
cortex tDCS studies induced (Nitsche et al., 2005).
Additionally, we found activations in a widespread area of the
prefrontal cortex that could play an important role in revealing the
functional anatomy of effects induced by prefrontal tDCS. In summary,
existing neuroimaging, TMS and EEG studies support the hypothesis
that tDCS alters the level of neural excitability (Nitsche et al., 2003a,
2002, 2005; Nitsche and Paulus, 2000).
On a functional level we did not find an immediate influence of
prefrontal tDCS on mood. The results in the PANAS questionnaire did
not differ between real and sham stimulation. These data are
consistent with a previous study of Koenigs et al. 2009 that did not
find any significant mood effects of bifrontal tDCS in a double-blind
crossover study where participants underwent a single session of
anodal, sham and cathodal tDCS (Koenigs et al., 2009).
The finding that prefrontal tDCS particularly modulates delta
activity in the medial frontal cortex, the ACC and the subgenual cortex
(SGC) of healthy subjects could form a link to previously reported
effects of prefrontal tDCS on depression, risk taking behavior,
impulsiveness, pain modulation and craving (Beeli et al., 2008a,b;
Boggio et al., 2008b; Fecteau et al., 2007a,b).
The SGC, where we observed the strongest effect of anodal tDCS
(BA 25), plays a central role in the neurobiology of depression and
affective disorders (Hajek et al., 2008). Neuroimaging studies reveal
an interaction between changes of regional brain activity in this area
and the severity of depression (Drevets et al., 2002; Hajek et al., 2008;
Pizzagalli et al., 2004), although the direction of these changes does
vary across methodologies and patient populations (Hajek et al.,
2008; Mayberg et al., 2000, 2005).
Using LORETA, two previous studies demonstrated an increase of
delta activity in the subgenual PFC in patients with major depression
(Pae et al., 2003; Pizzagalli et al., 2001, 2004). Moreover, Pizzagalli
et al. (2004) reported that EEG delta-activity tended to decrease in the
subgenual PFC of melancholic subjects in contrast to non-melancholic
subjects after antidepressant treatment, as demonstrated by LORETA.
Thus, one might speculate that the antidepressant effect of anodal
tDCS above the left DLPFC and right cathodal tDCS supraorbitally
reported elsewhere (Boggio et al., 2008a; Ferrucci et al., 2009; Fregni
et al., 2006; Rigonatti et al., 2008)may bemediated by the tDCS effects
on the SGC observed here. Furthermore, a recent study revealed that
nucleus accumbens (NAcc) responses were inversely associated with
rostral ACC resting delta activity and the authors mentioned that
available animal data suggest that dopamine release in the NAcc is
associatedwith decreased delta activity (Wacker et al., 2009). Cho and
Straffela also provided first evidence of extrastriatal dopamine
modulation in the subgenual and orbitofrontal cortex following
acute rTMS of the left DLPFC (Cho and Strafella, 2009). McCormick
and colleagues found that a normalization of subgenual theta activity
after electroconvulsive therapy was associated with decreased
psychotic symptoms in patients with depression and psychotic
disorders (McCormick et al., 2009).
Our sLORETA results could also be interpreted in a way that the
pain system is modulated by prefrontal tDCS, as pilot data indicate a
significant increase of pain thresholds after prefrontal tDCS, and the
ventral and rostral area of the ACC has a predominant role in
endogenous pain control (Boggio et al., 2008b).
Several methodological considerations are necessary. Firstly, we
found a significant effect in the delta spectral power and a statistical
trend in the beta-1-band in the source analysis of areas in the
prefrontal cortex. Whereas the values in the delta band are clearly
significantwe found only a statistical trend in the beta band. However,
we measured the EEG approximately 10 min after tDCS stimulation
and this time lag may have contributed to the lesser effect on the EEG.
This assumption is further confirmed by the fact that the EEG analysis
of the whole time window (10 min) showed weaker statistical results
than the first 5 min.
Secondly, our sample size was relatively small. Acknowledging the
limited spatial resolution and precision of sLORETA, it must be pointed
out that our findings are preliminary and functional imaging
techniques with more precise localization (e.g. fMRI or PET) are
needed in order to confirm our present results.
n-back behavioral results
In addition to EEG, we introduced a working memory (n-back)
paradigm in this experiment to obtain behavioral data as positive
control for our EEG findings. Indeed, prefrontal tDCS enhanced
performance in the n-back-task. It is important to emphasize that
the task was carried out not immediately, but 20–40 min after tDCS.
Our findings are in line with a prior study looking on a verbal memory
n-back task after prefrontal tDCS revealing a significant change in
accuracy 30 min after completing tDCS (Ohn et al., 2008). Different to
this previous study (Ohn et al., 2008) we used a non-verbal n-back
task and stimulated with 2 mA for 20 min whereas Ohn et al.
stimulated with 1 mA for 30 min. In contrast to previous studies
(Fregni et al., 2005; Ohn et al., 2008) we found significant effects on
the reaction time after prefrontal stimulation. This is in accordance
with early work on frontal DC stimulation that found enhanced
response speed in a simple reaction paradigm after anodal stimulation
of the vertex, a region more posterior compared to our stimulation
site but still within the frontal brain (Elbert et al., 1981). Nitsche and
colleagues found that anodal stimulation of the primary motor cortex
of healthy subjects resulted in reduced RTs in implicit motor learning
(Nitsche et al., 2003d). In contrast, other studies could not detect any
effect on reaction time (Fregni et al., 2005) or even found a worsening
Table 4
Effects of real and sham tDCS on P2- and P3-ERP-components and latencies for the midline electrodes Fz, Cz, and Pz.
Baseline Sham
n-back 0-back 1-back 2-back 0-back 1-back
electrode Fz Cz Pz Fz Cz Pz Fz Cz Pz Fz Cz Pz Fz
P2 — Voltage (μV) 3.51±1.7 3.67±1.7 none 3.73±2.0 4.47±1.5 4.74±0.8 3.62±1.7 none none 3.62±1.9 3.85±1.6 none 3.91±2.7
P2 — latency (ms) 180±11 196±37 none 178±14 197±29 228±25 189±14 none none 179±6 202±37 none 182±10
P3 — Voltage (μV) 1.91±0.6 4.90±1.5 8.12±1.7 0.81±1.0 3.6±1.2 4.0±2.6 0.81±1.0 5.43±1.6 6.63±2.9 1.57±1.6 4.79±1.8 9.47±1.4 1.10±1.0
P3 — latency (ms) 385±97 342±25 322±42 384±83 359±61 308±80 359±97 342±27 313±35 390±111 350±30 314±12 385±93
Sham Real
1-back 2-back 0-back 1-back 2-back
Cz Pz Fz Cz Pz Fz Cz Pz Fz Cz Pz Fz Cz Pz
None = no component was detetected.
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(Marshall et al., 2005). As Elbert and colleagues detected an RT-
interaction only in the second half of their experiment we speculate
about the possibility that the effects of prolonged weak tDCS might
had a delayed effect on the domain of behavioral reaction time. This
view might be supported by reports that found higher task accuracy
and faster reaction times in later repeated sessions (Dockery et al.,
2009) suggesting a possible strengthening of connections in time
course. In addition, prefrontal tDCS was associated with improved
reaction time in naming processing (Fertonani et al., 2010; Fiori et al.,
2010) and in probalistic learning (Hecht et al., 2010).
Table 4 (continued)
Sham Real
1-back 2-back 0-back 1-back 2-back
Cz Pz Fz Cz Pz Fz Cz Pz Fz Cz Pz Fz Cz Pz
4.5±1.0 5.45±1.5 4.02±1.5 none none ↑4.11±2.1c 3.70±1.4 none 3.85±1.8 5.11±2.1 5.25±1.2 ↑5.55±1.5a,b none none
204±29 228±31 187±13 none none 181±9 200±37 none 178±6 ↓202±32a 221±31 190±22 none none
4.44±2.5 4.31±2.8 0.61±0.8 5.54±1.9 7.14±2.2 2.0±0.9 5.46±1.4 ↑9.58±2.8c 1.28±1.0 4.1±2.2 4.62±2.6 ↑2.1±1.1b,c 5.88±1.6 ↑7.64±2.2 c
373±101 310±47 360±120 340±23 328±4 390±91 333±26 313±29 382±92 366±90 304±42 361±97 340 ±23 ↓315±4d
Fig. 4. ERP group averages for the n-back tasks. Here shown for the conditions baseline, real and sham for the midline electrodes Fz, Cz, Pz, time-window: 100 ms pre-stimulus
baseline to 600 ms post stimulus. a) 0-back. b) 1-back. c) 2-back.
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Furthermore, we observed an effect of prefrontal tDCS especially
on the 2-back task. Correspondingly, several studies in the past found
stronger activations of functional brain processes on higher working
memory load (Braver et al., 1997; Callicott et al., 1999). Real tDCS of
the prefrontal cortex seems to influence the accuracy and error rate
for higher memory load (2-back), whereas it reduces the reaction
time especially in the lower memory load (0-back) condition. We
suggest that Direct Current (DC) stimulation prior to task condition
contributed to increased efficient network dynamics more capable of
higher task demands, whereas it seems to increase RTs on lower
memory — load tasks that are more automatically processed.
n-back ERP study results
As expected, we found an influence of tDCS on ERPs during the
n-back task.
P2: We found an increase of P2 amplitudes at Fz after real tDCS
compared to sham and baseline conditions for the 2-back task.
Increased P2 amplitudes have previously been associated with
demanding memory load (Klaver et al., 1999).
P3: Theamplitudes of P3 showeda significant increase at Fz after real
tDCS compared to sham tDCS and baseline during the 2-back condition.
This suggests that prefrontal real tDCS contributed to the P3-amplitude
increase as it is knownthat structures suchas theDLPFCand the anterior
cingulate cortex, among other regions, are involved in the generation of
the P3-component (Benar et al., 2007;Halgren et al., 1998;Menon et al.,
1997;Mulert et al., 2004).Aswe foundmodifiedactivity in parts of these
structures after prefrontal tDCS or during the n-back task as shown by
sLORETA, it is possible that prefrontal tDCS is directly related to this
increase of the P3 amplitude.While the P3 component is produced by a
distributed network of brain processes associated with attention and
memory operations, it is observed in any task that requires stimulus
discrimination. It has been suggested recently that the P3 component
could occur from the initial need to enhance focal attention during
stimulus detection relative to the contents of working memory (Polich,
2007).
In our examination of memory recall in the 2-back condition by
sLORETA we detected significant higher activation of the left para-
hippocampal gyrus after real tDCS. This effect was found between 250
and 450 ms post stimulus, whereas there was no significant difference
in other latency periods. These results could be interpreted to mean
that prefrontal tDCS influences the frontal cortex via fronto-
hippocampal and fronto-parietal connections, as we see increased
frontal and parietal activations after prefrontal tDCS. Past studies have
found direct neuronal activity between the medial prefrontal cortex
and the hippocampus in rodents during spatial workingmemory tasks
(Jones and Wilson, 2005; Siapas et al., 2005) and there is evidence for
a fronto-parietal network (Laufs, 2008; van den Heuvel et al., 2009).
One major effect of the parahippocampal activation might be the
updating of the working memory processes, as this region is well-
known for its role in episodic memory (Johnson et al., 2008; Kumari
et al., 2003; Ramsoy et al., 2009). Reciprocal connections between the
dorsolateral prefrontal cortex (including the ACC) and the parahip-
pocampal region are known (Goldman-Rakic et al., 1984). Assuming a
Fig. 5. sLORETA source localisation of 2-back memory retrieval as compared by real vs. sham tDCS. All electrodes were used for the source localisation in the time window
250–450 ms post-stimulus, see picture above for the baseline activations. Statistical comparison shows that the maximal activation stimulus appears in the left parahippocampal
gyrus (xyz=−15, −3, −21; BA 35) on a significant level of pb0.05.
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higher order network that mediates memory processes, tDCS might
influence thewhole network during the resting state period, making it
easier to get the network activated during consecutive task perfor-
mance. The role of the parahippocampal gyrus could be the
representation activation of the cardinal numbers during memory
delays (2-back). Hence, the stronger activity in the parahippocampal
gyrus would explain the significant better accuracy andmiss rate after
real compared to sham stimulation.
An interesting finding of this study is the delayed impact of DC
stimulation on the EEG. It seems that prefrontal tDCS directly
influenced neuronal activity in the resting state for a certain time
period, and might have kept the network more activated explaining
the subsequent better performance and increased cognitive ERP
amplitudes during the highermemory requirement of the 2-back task.
There was consistency between improved behavioral performance
and increased ERP amplitudes for the 2-back condition. Moreover
shorter latencies may indicate reduced reaction time in the n-back
task. Since tDCS stimulation affected the Fz- and Pz-electrode a
strengthening of the frontal to parietal connectivity by real tDCS is
possible. During rest we found increased high-frequency EEG activity
in the gyrus cingulate. It is plausible that prefrontal tDCS induces
activity changes in a broader network via top-down modulation
starting at frontal cortical structures.
Thus, our results are in line with previous studies showing an
effect of prefrontal tDCS on n-back tasks in healthy subjects (Fregni
et al., 2005; Ohn et al., 2008) and in neurological/psychiatric patients
(Boggio et al., 2006; Jo et al., 2009; Kang et al., 2009).
Previous studies did not differentiate between single n-backs and
might have missed the effect of prefrontal tDCS on memory load.
Other authors have reported effects on additional memory categories
(Elmer et al., 2009; Kincses et al., 2004; Marshall et al., 2004), as well
as on other cognitive domains (Cerruti and Schlaug, 2009; Dockery
et al., 2009; Elmer et al., 2009; Fecteau et al., 2007a; Fertonani et al.,
2010; Fiori et al., 2010; Iyer et al., 2005; Marshall et al., 2006; Palm
et al., 2009; Priori et al., 2008; Sparing et al., 2007; Wassermann and
Grafman, 2005). In summary our findings suggest that prefrontal
tDCS influences and accelerates cortical EEG activity and may thus
help explain the recently reported broad range of behavioral tDCS
effects.
Limitations
One limiting aspect of our study is the small sample size and
time-delay for the cognitive task. Due to these facts and the
exploratory nature of our n-back study, we did not correct for
multiple comparisons and might hereby have increased the
possibility of type II errors. At the same time the risk of type I
error was decreased, taking the preliminary character of our n-back
study into account. Upcoming studies must corroborate our results.
We also like to mention that we did not control for the hormonal
status of our female subjects. Despite the pseudorandomized order
and the cross-over design it might be criticized that we only
performed baseline n-back on a separate day once and not before
each experimental condition.
Another limitation is the lack of varying and controlling active
electrode positions. The bipolar electrode positions may have resulted
in effective stimulation of two brain regions. In addition to anodal
tDCS of the left DLPFC, the right frontopolar cortex was stimulated
with cathodal tDCS. In our study we used the electrode size of
7×5 cm2 as most behavioral and clinical prefrontal tDCS studies up to
date have used these electrode sizes. A neurobiological interpretation
is complicated by two possible stimulation sources (anode/cathode).
Future studies may encounter this important topic by increasing
electrode size to reduce the effects of anode/cathode electrode or to
use an extracephalic region (Vandermeeren et al., 2010).
Safety aspects
Finally, tDCS was well tolerated and the only side effect reported
was an initial itching sensation. Previously reported skin lesions
occurring after a longer clinical trial (5 days later) were not observed
(Palm et al., 2008). This is in line with other previously conducted
safety studies (Iyer et al., 2005; Poreisz et al., 2007; Tadini et al., 2010)
and there have not been any reports of skin lesions for single 2 mA
sessions.
Conclusion
In conclusion, we have shown that anodal/cathodal tDCS of the left
DLPFC/right frontopolar region increases neuronal activation, corrobo-
rated by EEG results showing decreased localized delta-theta and
enhanced beta activity both associated with a more alert state (Barry
et al., 2009; Kilner et al., 2005) and increased functional connectivity
(Hlinka et al., 2010).We further speculate that the increased activation
in the prefrontal region and parahippocampal area led to the
improvement in the n-back task. Combining tDCS and EEG should
further contribute to our understanding of the neurophysiological
mechanisms underlying the action of tDCS on behavioral measures.
Given the likely effects on various cognitive and affective domains,
prefrontal tDCS might have an impact in many clinical fields.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.neuroimage.2010.12.004.
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Relation between P3 Voltage (µV) and behavioural n-back results (miss rate, accuracy, 
error rate, reaction time) for the electrodes Fz, Cz and Pz.  
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2.2 Prefrontal transcranial Direct Current Stimulation (tDCS) modulates 
resting-state functional connectivity in healthy subjects: a 
functional magnetic resonance imaging (fMRI) study 
	  
Nachdem	  wir	  Effekte	  von	  präfrontaler	  tDCS	  auf	  das	  EEG	  im	  Ruhezustand	  feststel-­‐
len	  konnten	  und	  es	  Hinweise	  darauf	  gibt,	  dass	  tDCS	  einen	  Einfluss	  auf	  die	  funktio-­‐
nelle	   Konnektivität	   hat,	   wurde	   eine	   funktionelle	   Magnetresonanztomographie-­‐	  
Konnektivitätsstudie	   (fcfMRI)	  bei	   gesunden	  Probanden	   	  durchgeführt.	   Zu	  diesem	  
Zeitpunkt	  gab	  es	  noch	  keine	  weiteren	  Studien	  zu	  dieser	  Forschungsfrage.	  Unsere	  
Ergebnisse	  deuten	  darauf	  hin,	  dass	  präfrontale	  tDCS	  die	  funktionelle	  Konnektivität	  
moduliert.	  Besonders	  die	  Erhöhung	  der	   fronto-­‐parietalen	  Konnektivität	  weist	  auf	  
eine	  Modulation	  in	  einem	  Netzwerk	  hin,	  welches	  als	  verhaltensrelevant	  für	  multip-­‐
le	  kognitive	  Prozesse	  wie	  Gedächtnis-­‐,	  Aufmerksamkeits-­‐	  und	  Inhibitationsprozes-­‐






Prefrontal Transcranial Direct Current Stimulation Changes
Connectivity of Resting-State Networks during fMRI
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Transcranial direct current stimulation (tDCS) has been proposed for experimental and therapeutic modulation of regional brain
function. Specifically, anodal tDCS of the dorsolateral prefrontal cortex (DLPFC) together with cathodal tDCS of the supraorbital
region have been associated with improvement of cognition and mood, and have been suggested for the treatment of several
neurological and psychiatric disorders. Although modeled mathematically, the distribution, direction, and extent of tDCS-
mediated effects on brain physiology are not well understood. The current study investigates whether tDCS of the human prefron-
tal cortex modulates resting-state network (RSN) connectivity measured by functional magnetic resonance imaging (fMRI).
Thirteen healthy subjects underwent real and sham tDCS in random order on separate days. tDCS was applied for 20 min at 2 mA
with the anode positioned over the left DLPFC and the cathode over the right supraorbital region. Patterns of resting-state brain
connectivity were assessed before and after tDCS with 3 T fMRI, and changes were analyzed for relevant networks related to the
stimulation– electrode localizations. At baseline, four RSNs were detected, corresponding to the default mode network (DMN), the
left and right frontal-parietal networks (FPNs) and the self-referential network. After real tDCS and compared with sham tDCS,
significant changes of regional brain connectivity were found for the DMN and the FPNs both close to the primary stimulation site
and in connected brain regions. These findings show that prefrontal tDCS modulates resting-state functional connectivity in
distinct functional networks of the human brain.
Introduction
Transcranial direct current stimulation (tDCS) is a noninvasive
stimulation technique of the cerebral cortex by means of a weak
constant direct current (DC; usually 1–2 mA) applied to the scalp
surface. At the primary motor cortex, anodal tDCS induces excit-
atory effects, whereas cathodal stimulation results in inhibitory ef-
fects onmotor cortex excitability (Nitsche andPaulus, 2000;Nitsche
et al., 2003). Based on early experimental work investigating DC
effects on neuronal activity in animal models, it has been hypothe-
sized that tDCS-mediated effects are related to a shift in neuronal
resting membrane potential either toward depolarization and in-
creased spontaneous neuronal firing (anodal tDCS) or toward hy-
perpolarization and decreased firing (cathodal tDCS) (Bindman et
al., 1964).
Numerous studies have investigated the effect of prefrontal
cortex tDCS in healthy subjects and patients with neurological or
psychiatric disorders. Anodal tDCS of the dorsolateral prefrontal
cortex (DLPFC) with the cathode placed over the contralateral
supraorbital region has been found to improve performance in
several cognitive domains, including executive functions, verbal
skills, and memory performance in healthy subjects (Iyer et al.,
2005; Wassermann and Grafman, 2005; Cerruti and Schlaug,
2009; Sparing et al., 2008; Dockery et al., 2009; Fiori et al., 2011),
as well as in patients with Parkinson’s disease and stroke (Boggio
et al., 2006; Jo et al., 2009). Promising pilot data suggest a positive
therapeutic effect in patients withmajor depression (Fregni et al.,
2006; Boggio et al., 2008; Rigonatti et al., 2008; Ferrucci et al., 2009).
Moreover, prefrontal tDCS could influence the emotional-affective
domain of the self (Boggio et al., 2009; Karim et al., 2010;Mameli et
al., 2010).
Although these studies are encouraging from a clinical
point of view, the distribution, direction, and extent of tDCS-
mediated effects on brain physiology are not well understood.
However, specific hypotheses regarding the neurophysiologi-
cal action of tDCS seem crucial to further tailor tDCS for
experimental and therapeutic applications. Neuroimaging
studies using positron emission tomography (PET) (Lang et
al., 2005) or functional magnetic resonance imaging (fMRI)
have shown widespread (Kwon et al., 2008; Stagg et al., 2009)
and subtle (Baudewig et al., 2001) cortical and subcortical
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changes in regional brain activity following anodal tDCS of the
primary motor cortex.
To further investigate the effects of prefrontal tDCS on func-
tional connectivity, we conducted resting-state fMRI
measurements, which were subsequently analyzed using inde-
pendent component analysis (ICA). During, the last decade, an
emerging number of resting-state fMRI studies have demon-
strated the existence of coherent fluctuations in functionally re-
lated regions of the brain (Greicius et al., 2003; Damoiseaux et al.,
2006; De Luca et al., 2006; Biswal et al., 2010). We hypothesized
that changes of functional connectivity would be detectable in
resting-state networks (RSNs) comprising regions within the
prefrontal cortex [i.e., the default mode network (DMN), the
frontal-parietal network (FPN), and the self-referential network
(SRN)], as well as in areas below or close to the stimulation
electrodes.
Materials and Methods
Subjects. After giving their written informed consent, 13 healthy male
volunteers (mean age: 27.4 years; age range: 23–32 years) participated in
this double-blind, placebo-controlled, and randomized study. All sub-
jects were right-handed (Edinburgh Handedness Inventory) (Oldfield,
1971) and went through a semistructured interview to exclude a history
of neurological and psychiatric diseases and the intake of medication
affecting the CNS. The study was approved by the local ethics committee
(Department of Psychiatry and Psychotherapy, Ludwig Maximilians
University Munich, Munich, Germany).
Experimental design.The study was conducted in a double-blind and
placebo-controlled design to guarantee that neither subjects nor re-
searchers were aware of the stimulation condition. The blinding was
reversed after all steps of the procedure were completed. All subjects
underwent two tDCS sessions (real and sham tDCS) in random order
and counterbalanced across subjects on 2 separate days with a 1 week
interval between both stimulations (Fig. 1). All tDCS-fMRI sessions
were scheduled between 4:00 and 8:00 P.M. The first resting-state
fMRI scan was conducted before each tDCS procedure (baseline1,
baseline2), and another scan was conducted after each tDCS proce-
dure (real tDCS or sham tDCS). The second scan was started imme-
diately after stimulation, and not later than 5 min after stimulation.
The time delay between the end of stimulation and the start of the
fMRI scan was recorded.
Transcranial direct current stimulation.Bipolar tDCSwas administered
using two saline-soaked surface sponge electrodes (area  7  5 cm2)
and delivered by an Eldith DC stimulator (neuroConn). The anode was
placed above F3 (according to the EEG international 10–20 system)
corresponding to the left DLPFC, and the cathode was positioned above
the contralateral supraorbital region, at least 5 cm from the anode (Mi-
randa et al., 2006). DC stimulationwas delivered for a duration of 20min
at 2 mA intensity (15 s ramp in and 15 s ramp out).
For sham tDCS, the Eldith DC stimulator has a built-in placebomode,
which is activated by a code number and includes ramp periods at the
beginning and the end of sham stimulation to
mimic the somatosensory artifact of real tDCS.
Thus, placebo tDCS could be identified neither
by the operator who administered tDCS nor by
the subjects participating in the trial (Gandiga
et al., 2006).
The impedance was controlled by the device
throughout each tDCS session, ranging 10
k and limited by the voltage at 26 V. An
excess of limits (e.g., an increase of impedance
by drying up or chute of the electrodes) would
have led to an automatic termination of
stimulation.
FunctionalMRI acquisition. For resting-state
data acquisition, subjects were instructed to
keep their eyes closed without falling asleep
and try to think of nothing in particular.
Each subject was scanned using a 3.0 Tmagnetom (VERIO, Siemens).
For functional imaging, an EPI sequence with the following parameters
was used: repetition time (TR), 3000ms; echo time (TE), 30ms; flip angle
(FA), 90°; spatial resolution, 3  3  4 mm3; imaging matrix, 64  64;
field-of-view (FoV), 192  192 mm2; number of slices, 28; number of
volumes, 120. Functional images were acquired in axial orientation. For
anatomical reference, a high-resolution MPRAGE was performed with
the following specifications: FoV, 256 240mm2; spatial resolution, 1
1  1 mm3; TR, 14 ms; TE, 7.61 ms; FA, 20°; number of slices, 160.
FunctionalMRI analysis.All image data analyses were performed using
FSL 4.16 (http://www.fmrib.ox.ac.uk/fsl/index.html). Individual high-
resolution T1-weightened images were processed using AFNI (Analyses
of Functional Images, http://afni.nimh.nih.gov/afni). The first five func-
tional scans of each session were discarded to account for T1 effects.
We used the FEAT (FMRI Expert Analysis Tool) analysis tool box,
version 5.98 (Smith et al., 2004) for the preprocessing of fMRI resting-
state data. Head motion correction was done using MCFLIRT [Motion
Correction using the FMRIB (Oxford Centre for Functional MRI of the
Brain) Linear ImageRegistrationTool] (Jenkinson et al., 2002). The skull
was removed using BET (Brain Extraction Tool) (Smith, 2002) followed
by spatial smoothing using a 5 mm FWHM Gaussian kernel with high-
pass temporal filtering (Gaussian-weighted, least-squares, straight-line
fitting with   50 s). Registration to the individual high-resolution
T1-weighted images, and afterward to theMNI-152 standard space tem-
plate, was performed using FLIRT, version 5.5 (Jenkinson et al., 2002).
The preprocessed four-dimensional (4D) datasets were resampled to 2
mm isotropic voxels in the following group analyses.
Independent component analysis. ICA was performed on all resting-
state runs using the MELODIC (Multivariate Exploratory Linear Opti-
mized Decomposition) routine, version 3.10, implemented in FSL
(Beckmann and Smith, 2004). Decomposition into different functional
networkswas performed automatically by a dimensionality estimation of
the MELODIC 3.10 tool.
Since spontaneous resting-state connectivity measured by BOLD
fMRI may comprise ultraslow frequencies (Greicius et al., 2003; Fox et
al., 2005; Damoiseaux et al., 2006; Vincent et al., 2007; Boly et al., 2008;
Horovitz et al., 2009; Miller et al., 2009), only independent components
with signals in the range of 0.01–0.1 were included. Higher-frequency
signals with respiratory (0.1–0.5 Hz) or cardiovascular (0.6–1.2 Hz)
origin were excluded (Cordes et al., 2000, 2001; van de Ven et al., 2004;
De Martino et al., 2007).
Resting-state datasets of all subjects and experimental conditions
(baseline1, baseline2, after real tDCS and after sham tDCS) were concat-
enated in time to create a single 4D dataset. After ICA decomposition of
these datasets, we chose four resting-state networks, which are known to
involve brain regionswithin the prefrontal cortex close to tDCS electrode
sites: the DMN, the left FPN, the right FPN and the SRN. An average
z-score of 2.3  z  10 was defined as the threshold for the resulting
statistical group maps. The alternative was that the resulting statistical
group maps were thresholded at z  2.3.
Group-level analyses. A validated dual-regression approach was used
(Filippini et al., 2009; Biswal et al., 2010; Zuo et al., 2010). The dual-
Figure 1. Experimental protocol. Real and sham tDCS conditions were applied in random order after baseline fMRI scans within
a double-blind, crossover design.
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regression approach summons several processing steps starting with a
temporal concatenation of all time series into a single 4D time series file.
Another process includes the registration of all individual time series
with regard to the estimated group RSNs using spatial regression against
the individual datasets. Additionally, the temporal dynamics at the sub-
ject level were regressed against the primary data.
In a hypothesis-driven approach, we analyzed (1) the effects re-
stricted to the RSN templates to specifically measure the effects of
tDCS on RSN connectivity, and (2) the effects below both stimulation
electrodes to measure local effects at primary stimulation sites. The
respective masks are shown in Figure 2. In an additional exploratory
approach, the four RSNs were analyzed against fluctuations in the
entire brain.
The chosen RSNs were thresholded at p  0.01 (z  2.32). The areas
below the tDCS electrodes were defined as regions of interest (ROIs)
using EEG positions F3 (anode) and Fp2 (cathode) of the international
10–20 electrode system. Conversions from these coordinates to MNI
coordinates were drawn from the center of the stimulation electrodes
(MNI coordinates for F3: x  34, y  26, z  44; for Fp2: x  29, y 
84, z 10) according to the 10–20 electrode systemon the closestMNI
cortical standard space using the Münster T2T-Converter (O. Stein-
sträter, J. Sommer, M. Deppe, S. Knecht, unpublished observations;
http://wwwneuro03.uni-muenster.de/ger/t2tconv/) and then converted
to a binary form. The electrode ROIs were positioned for each subject
separately with a cube width of 35 mm horizontal (anode) or vertical
(cathode) using MANGO (Multi-Image Analysis GUI) software
(http://ric.uthscsa.edu/mango/mango.html). Areas outside the cor-
tex were rejected individually (Fig. 2B).
Masks of the RSNs and the theoretically chosen area below the anode
and the cathode electrodes were created for each subject and all four
conditions separately. The averageMNI coordinates for F3 were compa-
rable to that used by Miranda et al. (2006), with the difference that we
used an electrode size of 35 cm2 and not 25 cm2.
The resulting seed time courses for each region and subject were gen-
erated by averaging the signal within the ROIs. This was done for each
time course and for all conditions. To include only graymatter within the
ROIs, we removed possible nuisance confounders: six different motion
parameters, white matter, the CSF signals, and the global signal based on
the approach of Biswal et al. (2010).
Each subject’s maps of the four RSNs were combined to a single 4D
dataset for each network, and dual regression was performed for each of
the 4 RSNs separately.
The following contrasts were calculated: (real  baseline1)  (sham
 baseline2); (real baseline1) (sham baseline2); real baseline1;
real  baseline1; sham  baseline2; sham  baseline2; and baseline1
 baseline2.We applied a statistical thresholdwith family-wise error rate
(threshold-free cluster enhancement) corrected for multiple compari-
sons (Smith and Nichols, 2009) of p values0.05 with a cluster extent of
20 voxels. We report only the contrasts (real  baseline1)  (sham
 baseline2), (real baseline1) (sham baseline2), real baseline1,
real  baseline1 for the whole-brain analysis approach descriptively (see
Table 3).
Thedual-regression analysis produces z-scoremaps representing connec-
tivity within the four RSNs. We used Randomize 2.6 (permutation-based
nonparametric inference) to determine the voxelwise nonparametric
statistical contrasts (with 5000 permutations) (Nichols and Holmes,
2002) between the conditions for the four selected networks. Due to
the exploratory character of the second analysis, effects were consid-
ered significant at a level of puncorrected  0.001 with a cluster extent of
20 voxels.
Results
Overall, neither side effects nor any relevant discomfort were
observed during the experiment, and tDCS was generally well
tolerated. Moreover, subjects were not able to guess whether
they had received real or sham tDCS.
Detection of resting-state networks
Four RSNs relevant for higher cognition were identified using
group clustering of subjects resting-state fMRI data before stim-
ulation: the first network (RSN1) was consistent with the DMN
and comprised the posterior cingulate cortex/precuneus [Brod-
mann’s area (BA) 23/31], the middle/superior temporal gyrus
bilaterally (BA 31/39), the superior frontal gyrus bilaterally (BA
8/9), and the ventromedial prefrontal cortex bilaterally (BA 10/
11). A second network (RSN2) was identified as the left FPN,
Figure 2. Study-specific masks.A, RSN masks were created using the group average ICA of all subjects including all conditions.B, Electrode position masks were defined according to EEG positions
F3 (anode) and Fp2 (cathode) of the international 10 –20 electrode system. A representative T1 image projected on the MNI-T1 Colin 1 mm template (Holmes et al., 1998) from one of the subjects
illustrates the localization of the stimulation electrodes.
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consisting of the left middle (BA 8/9/10/46) and the left superior
parietal lobule (BA 7/40). A third network (RSN3) comprised the
right superior frontal gyrus/middle frontal gyrus (BA 8/9/10/46)
and the right inferior parietal lobule (BA 7/40) (right FPN). The
fourth network (RSN4) included the anterior cingulate (BA 24/
32) and the subgenual gyrus (BA 25), and was consistent with the
SRN.
Activation patterns of the four different functional networks are
shown in Figure 3.
Effects of tDCS on functional connectivity
Within theROI templates for different RSNs, neither a significant
difference between baseline scans nor any significant effect of
sham tDCS compared with baseline was observed. Significant
effects were identified for real  baseline1 and (real  base-
line1)  (sham  baseline2) comparisons within RSN1 (DMN),
RSN2 (left FPN), and RSN3 (right FPN), whereas no significant
differences were found for RSN 4 (SRN). Detailed results are
shown in Figure 4 and Table 1.
When exploring the local effects of tDCS that were dependent
on the electrode positions, an increased coactivation outside RSN
1 (DMN), but within the anode ROI, was observed in the left
middle frontal gyrus (x  20, y  22, z  56; BA 6; 32 voxels).
Increased coactivations were also observed outside the FPN
masks in the left superior frontal gyrus (outside the left FPN
mask: x  30, y  52, z  28; BA 9; 25 voxels) and the left
middle frontal gyrus (outside the right
FPN mask: x  38, y  48, z  18; BA
10; 31 voxels).
In addition to the hypothesis-driven
ROI analyses, whole-brain dual-regression
analysis showed significant effects for the
comparison (real  baseline1) 
(sham  baseline2) in all four RSNs at an
uncorrected p  0.001 (cluster size, 20
voxels). These findings are presented in
Table 2 and Figure 5. The results for the
comparison real tDCS  baseline1 are
shown in Table 3.
Discussion
Combining prefrontal tDCS and resting-
state fMRI, this study shows that prefron-
tal tDCSmodulates large-scale patterns of
resting-state connectivity in the human
brain by inducing changes of functional
connectivity close to anode and cathode
stimulation sites, but also in distant brain
regions. These effects were detectable in
three resting-state networks (i.e., the
DMN as well as the left and right FPN),
involving brain regions of higher cogni-
tive functions (Raichle and Gusnard,
2002; Greicius et al., 2003; Damoiseaux et
al., 2006; Laufs, 2008; van den Heuvel et
al., 2009). Moreover, resting-state fMRI
revealed increased coactivations between
different frontal brain regions close to or
between both tDCS electrodes.
Effects of tDCS on RSNs
Our results suggest that prefrontal tDCS
influences coactivation in frontal parts of
the DMN, parts of the left frontal-parietal network and the right
posterior cingulated cortex (PCC), as well as parts of the right
frontal-parietal network. The DMN is thought to reflect an in-
trinsic state associated with alertness and self-related processes,
whereas goal-directed extrinsic cognitive tasks suspend this net-
work (Gusnard et al., 2001; Raichle et al., 2001). The neuronal
basis of the DMN has been established using electrocortico-
graphic recordings (He et al., 2008;Miller et al., 2009), and highly
reproducible multicenter consistency has been shown for the
DMN(Biswal et al., 2010). TheDMNhas beenhypothesized to be
involved in cognitive functions associated with intrinsic process-
ing and external inputs (Hampson et al., 2006; Schilbach et al.,
2008; Wirth et al., 2011). Although deactivation of DMN com-
ponents has been reported, some studies show the opposite—a
strengthening of DMN components, accompanied by improved
working memory (Hampson et al., 2006) or semantic memory
performance (Wirth et al., 2011).
Analysis of the left FPN revealed increased coactivations be-
tween regions within the frontal lobe, the parietal lobule, and the
posterior cingulate gyrus. These frontoparietal coactivationsmay
be localized in well known projections between the DLPFC, the
cingulate cortex, and the parietal lobe (Hagmann et al., 2008; van
denHeuvel et al., 2008; Bohland et al., 2009; Greicius et al., 2009).
Therefore, it could be hypothesized that frontal tDCS increases
connectivity within these pathways, which are also part of the
Figure 3. Group analysis of RSN time series. Group analysis of resting-state time series of the 13 subjects revealed four resting-
state networks.A, The DMN, left FPN (L FPN), right FPN (R FPN), and SRN are shown before real tDCS, after real tDCS, and after sham
tDCS, respectively.B, Group ICA RSNs derived from resting-state scans of all individuals during all conditions. Group analyses of RSN
time series are shown for the conditions baseline1, baseline2, after real tDCS, and after sham tDCS.
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so-called attention network (Laufs et al.,
2003; Greicius and Menon, 2004; Fox et
al., 2005; Fransson, 2005; van deVen et al.,
2008). Functionally, an increased coacti-
vation of frontal and parietal regions has
been related to top-down modulation of
attention and workingmemory (Corbetta
and Shulman, 2002). Several studies show
an increased activation of left or right
frontal-parietal components during cog-
nitive engagement and correct task per-
formance (D’Esposito et al., 1995; Braver
et al., 1997; He et al., 2007; Kelly et al.,
2008; Volle et al., 2008). The left frontal-
parietal network appears to be particu-
larly essential for cognitive functioning as
shown by lesion studies (Turken et al.,
2008), and increased connectivity within
this network has been demonstrated after
cognitive training (Lewis et al., 2009; Ma-
zoyer et al., 2009).
Since tDCS led to increased coactivation
within parts of the DMN and FPN bilater-
ally,wehypothesize that tDCSmay enhance
the state of alertness and therefore impact
alertness-dependent cognitive functions. So
far, there is growing evidence that the integ-
rity and strength of spontaneous functional
connectivity in several networks are of be-
havioral and cognitive relevance (Massi-
mini et al., 2005;Hampsonet al., 2006;Heet
al., 2007; Schacter et al., 2007; Kelly et al.,
2008; Schilbach et al., 2008; Lewis et al.,
2009; Ferrarelli et al., 2010; Wirth et
al., 2011). Thus, our findings may explain
why a wide range of cognitive domains has
already been successfullymodulated bypre-
frontal tDCS (Wassermann and Grafman,
2005; Sparing et al., 2008; Cerruti and
Schlaug, 2009;Dockery et al., 2009; Elmer et
al., 2009; Fertonani et al., 2010; Hecht et al.,
2010; Ambrus et al., 2011; Fiori et al., 2011).
Within this range of cognitive domains, we
have recently shown that prefrontal tDCS
using similar stimulation parameters as in
the current study, led to an improvement of
workingmemory performance (n-back) as-
sociated with changes in EEG activity pat-
terns (Keeser et al., 2011).
Effects of tDCS in models and
imaging studies
Topredict the distribution of the electric field induced by tDCS in
the brain, various electrode positions have been mathematically
modeled (Miranda et al., 2006, 2009; Wagner et al., 2007). Using
a standard spherical head model together with different bipolar
electrode montages at 2 mA stimulation intensity (electrode size
25 cm2), cortical current densities of 0.01 mA/cm2 were calcu-
lated (Miranda et al., 2006).However,Wagner et al. (2007) found
current densitymaximabetween 0.77 and 2mA/cm2 for different
electrode montage using 1 mA tDCS on a realistic MRI-derived
finite-element model. Thus, previous models resulted in a con-
siderable range of assumed induced peak current densities and
showed a nonfocal electric field close to the electrode positions
(Miranda et al., 2006;Wagner et al., 2007). In addition to analyz-
ing tDCS effects on resting-state networks, we therefore also ap-
plied electrode-specific masks and detected stimulation effects
localized close to the cathode, but outside the RSNs. However,
the functional relevance of these effects within other distinct
networks remains to be clarified. The same is true for the
multiple effects in more distant regions revealed by an explor-
atory whole-brain analysis (uncorrected p  0.001; cluster
size, 20 voxels). We present also these data for further com-
Figure 4. Effects of tDCS on connectivity. Connectivity differences within the RSNs (RSNc 1–3) for the contrasts (after real
tDCS  baseline1)  (after sham tDCS  baseline2). Results are cluster corrected for familywise errors (p 0.05). Resting-state
network contrast (RSNc) 1 corresponds to the contrast in the DMN, RSNc 2 corresponds to the contrast in the left FPN, and RSNc 3
corresponds to the contrast in the right FPN (radiological convention). Numbers correspond to the clusters presented in Table 1.
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parison with the results of future studies, but withhold a de-
tailed discussion as these data may contain a considerable
number of false-positive results.
To our knowledge, there has only been one functional neuro-
imaging study published so far focusing on prefrontal tDCS.
Merzagora et al. (2010) used functional near-infrared spectros-
copy (fNIRS) for investigating the effects of bilateral prefrontal
tDCS (1 mA for 10 ms; anode, lateral to Fp1; cathode, lateral to
Fp2). They observed a local increase of the concentration of oxy-
hemoglobin, relatively focal and close to the anode. Our results
corroborate and extend this finding by demonstrating tDCS-
specific effects on different RSNs, where fNIRS is methodologi-
cally limited. However, the majority of previous combined tDCS
and functional neuroimaging studies have focused onmotor cor-
tex stimulation, also includingmotor activation paradigms.Most
studies found fMRI signal changes close to the stimulation site
and in distant regions (Kwon et al., 2008; Jang et al., 2009; Stagg et
al., 2009). Lang et al. (2005) used H2
15O PET and observed an
increased regional cerebral blood flow (rCBF) in widespread cor-
tical and subcortical areas that reached themagnitude of effects of
fingermovement on rCBF inmotor areas andwere stable for50
min. To further elucidate the network-specific effects of motor
cortex tDCS, Polanía et al. (2011) used resting-state fMRI com-
bined with a graph theory approach instead of ICA. They found a
decrease in the average number of direct functional connections
from the left somatomotor cortex (SM) to topologically distant
gray matter regions accompanied by an increase in functional
connectivity between SM and the left premotor, motor, and left
parietal cortex. In addition, nodal functional connectivity in-
creased in the left PCC and the right DLPFC. Thus, these results
suggest a network-specific enhancement of connectivity follow-
ing motor cortex tDCS and parallel our findings for prefrontal
tDCS. Future studies are needed to differentiate these effects in
terms of their functional relevance.
Limitations
One limiting factor of the current study is that small sample size
may have reduced statistical power. Another factor limiting the
interpretation of our findings is the principle difficulty in sepa-
rating the effects of anodal versus cathodal stimulation for tDCS.
Even in experimental designs where different electrode positions
are compared, each combination of anode-cathode positions can
be regarded as a different bipolar tDCS modality. Also, physical
models show that the electric field generated by tDCS is probably
distributed throughout the brain (Wagner et al., 2007; Oosten-
dorp et al., 2008; Miranda et al., 2009; Sadleir et al., 2010; Suh et
al., 2010). Thus, our findings may just be valid for the specific set
of parameters and electrode positions applied in the current
study.
A third limitation of our studymay be that we did not include
a behavioral task to probe the functional relevance of our find-
ings. Further studies are necessary to clarify this issue, and thus
the relation between RSN connectivity and cognitive functions
discussed above may be regarded as speculative.
Conclusion
In conclusion, our results support the hypothesis that prefrontal
tDCS alters the level of neural excitability. We propose that the
findings of an augmented connectivity within different RSNs af-
ter prefrontal tDCS reflect increased resources and a higher read-
iness to facilitate cognitive performance. Indeed, there is an
increasing body of evidence that prefrontal tDCS acts on different
cognitive domains and is clinically effective in several neuropsy-
chiatric disorders. Therefore, resting-state fMRI could become a
valuable tool to explore the effects of tDCS on these disorders and
may help to tailor the tDCS procedure to individual needs. How-
ever, additional studies are necessary to replicate our findings and
further specify their relationship to short- and long-term neuro-
cognitive functioning in healthy and patient groups.
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(Real tDCS  baseline 1)  (sham tDCS  baseline2)
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2 R anterior cingulate 32 77 4 48 12
3 L superior frontal gyrus 8 61 32 26 48
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5 L precuneus/L posterior 7/31 52 2 60 38
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7 L middle frontal gyrus 8 40 48 20 40
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9 R superior frontal gyrus 8 27 26 40 46
10 R superior frontal gyrus 8 25 38 32 48
(Real tDCS  baseline1)  (sham tDCS  baseline2) 11 Posterior cingulate 23 114 0 54 20
x L superior temporal gyrus 21 105 40 6 36
12 L superior frontal gyrus 6 85 24 26 58
13 R superior frontal gyrus 6 68 20 20 54
14 L middle frontal gyrus 6 52 34 10 60
15 Brainstem 38 0 20 14
RSNc2/left frontal-parietal 1 L inferior frontal gyrus 46/10 206 42 48 0
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4 L brainstem 159 2 12 12
x R posterior cingulate gyrus 31 158 6 30 38
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6 R middle frontal gyrus 8 37 38 44 36
7 L inferior frontal gyrus 44 32 50 18 10
8 R inferior parietal lobule 40 31 54 54 48
9 R precentral gyrus 44 24 56 16 4
RSNc3/right frontal-parietal 1 R middle frontal gyrusa 8/9 444 38 44 36
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6 R middle frontal gyrus 9/10 75 38 48 24
7 R superior frontal gyrusa 10 57 16 68 8
8 R inferior frontal gyrus 11 53 28 26 24
9 R superior frontal gyrus 9 27 26 60 26
RSNc4/self-referential 1 L hippocampus/L parahippocampal gyrus 19 228 30 48 4
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3 L cerebellum culmen 217 12 32 20
4 L uncus 28 186 28 4 28
5 L brainstem/thalamus 117 2 6 4
6 L superior temporal gyrus 28 40 14 22
Resting-state network contrast (RSNc) 1 corresponds to the contrast on the DMN, RSNc 2 to the contrast on the left FPN and RSNc 3 to the contrast on the right FPN, RSNc 4 corresponds to the contrast of the self referential network. Results
are based on a whole brain dual regression approach and presented uncorrected with a p 0.001 (cluster size 20 voxels). Numbers correspond to clusters in Figure 5. x Clusters are not shown in Figure 5.
aConnected within one cluster.
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3  Konklusion und Ausblick 
3.1 Konklusion 
Zu	  dem	  Zeitpunkt	   	  unserer	  Publikationen	  hat	  es	  noch	  keine	  Arbeiten	  über	  den	  
Effekt	   von	   präfrontaler	   Gleichstromstimulation	   auf	   den	   wachen	   Ruhezustand	  
der	  Elektroenzephalographie	  bei	  gesunden	  Probanden	  und	  auf	  die	  Einwirkung	  
während	   einer	   Arbeitsgedächtnisaufgabe	   gegeben.	   Trotz	   kleiner	   Stichproben	  
haben	  unsere	  Studien	  einen	  wesentlichen	  Beitrag	  zum	  Verständnis	  neurophysi-­‐
ologischer	  Veränderungen	  nach	  präfrontaler	   tDCS	   erbracht.	  Wir	   konnten	   fest-­‐
stellen,	   dass	   die	   Erhöhung	   von	   Gedächtnisleistungen	   nach	   präfrontaler	   tDCS	  
unmittelbar	  mit	  der	  Modulation	  der	  Elektroenzephalographie	  zusammenhängt.	  
Die	  Tatsache	  der	  Beeinflussung	  der	  EEG-­‐Ruhe-­‐Aktivität	  konnte	  in	  Folgestudien	  
bestätigt	  werden.	  So	   fanden	   Jacobson	  und	  Kollegen	  eine	  Reduktion	  der	  Theta-­‐
Power	  nach	  präfrontaler	  Gleichstromstimulation	  des	  rechten	  inferioren	  fronta-­‐
len	   Gyrus,	  wo	   die	   Anode	   platziert	  wurde	   (Jacobson	   et	   al.,	   2011).	   Eine	   andere	  
Arbeitsgruppe	   konnte	   nach	   dorsolateral-­‐präfrontaler	   Gleichstromstimulation	  
reduzierte	   Delta-­‐Power	   feststellen,	   was	   unsere	   Ergebnisse	   bestätigt	   (Wirth	   et	  
al.,	   2011).	   Indirekte	   Hinweise	   wurden	   auch	   in	   einer	   Studie	   an	   Tinnitus-­‐
Patienten	   gefunden.	  Dort	   zeigte	   die	   entgegengesetzte	  Elektrodenkonfiguration	  
eine	  Erhöhung	  der	  Stromdichte	   im	  niedrigfrequenten	  Alpha1-­‐Band	   im	  Bereich	  
des	  subgenualen	  Kortex	  und	  des	  anterioren	  Cingulum	  (Vanneste	  and	  De	  Ridder,	  
2011).	  Die	  Reduktion	  der	  niedrigfrequenten	  EEG-­‐Aktivität	  bei	  einer	  gleichzeiti-­‐
gen	  tendenziellen	  Erhöhung	  der	  höherfrequenten	  EEG-­‐Aktivität	  könnte	  auf	  eine	  
Steigerung	   der	   Aufmerksamkeit	   hinweisen	   (Kilner	   et	   al.,	   2005;	   Barry	   et	   al.,	  
2009).	  Simultane	  EEG-­‐fMRT-­‐Arbeiten	  weisen	  auf	  den	  Zusammenhang	  erhöhter	  
funktioneller	   Konnektivität	   bei	   dem	   von	   uns	   festgestellten	   EEG-­‐Muster	   (redu-­‐
zierte	  niedrigfrequente	  EEG-­‐Aktivität,	  erhöhte	  hochfrequente	  EEG-­‐Aktivität)	  hin	  
(Hlinka	  et	  al.,	  2010;	  Michels	  et	  al.,	  2010),	  während	  die	  funktionelle	  Konnektivi-­‐
tät	   sich	   reduzierte	  bei	   einem	  gleichzeitigen	  Anstieg	  der	  niedrigen	  Frequenz	   in	  
der	  relativen	  EEG	  Power	  (Xu	  et	  al.,	  2011).	  	  
Unsere	   Ergebnisse	   der	   zweiten	   anschließend	   durchgeführten	   fMRT-­‐basierten	  
Studie	  unterstützt	  die	  Hypothese,	  dass	  präfrontale	  tDCS	  funktionelle	  Ruhenetz-­‐
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aktivität	  erhöht.	  Eine	  andere	  fcMRT-­‐Arbeit	  zu	  präfrontaler	  tDCS,	  die	  kurz	  nach	  
unserer	  Veröffentlichung	  erschienen	   ist,	   hat	   ebenfalls	   erhöhte	   fronto-­‐parietale	  
Konnektivität	   gefunden,	   begleitet	   von	   einer	   Deaktivierung	   des	   sogenannten	  
‚Default	   Mode	   Netzwerks’.	   In	   unseren	   unkorrigierten	   Ergebnissen	   fanden	   wir	  
Deaktivierungen	  in	  anatomischen	  Arealen,	  die	  dem	  sogenannten	  ‚Default	  Mode	  
Network’	  (DMN)	  zugeordnet	  werden	  können.	  Dieses	  Ergebnis	  sollte	  aber	  in	  An-­‐
schlussstudien	  mit	   größeren	  Stichproben	   repliziert	  werden.	  Die	  Erhöhung	  der	  
funktionellen	  Konnektivität	  kann	  als	  möglicher	  Hinweis	  der	  Erleichterung	  und	  
Modulation	  kognitiver	  Leistungen	  nach	  präfrontaler	  tDCS	  interpretiert	  werden.	  
Erhöhte	  Aktivität	   in	   frontalen	  und	  parietalen	  Arealen	  während	  kognitiver	  Auf-­‐
gaben	   und	   korrekter	   Aufgabenleistung	   (D'Esposito	   et	   al.,	   1995;	   Braver	   et	   al.,	  
1997;	  He	  et	  al.,	  2007;	  Kelly	  et	  al.,	  2008;	  Volle	  et	  al.,	  2008)	   ist	  ein	  häufiger	  Stu-­‐
dienbefund.	   	  Die	  präfrontale	   tDCS	  moduliert	  das	  EEG	  und	  die	   fcMRI	  und	  wirkt	  
auf	   zerebrale	   neuronale	   Netzwerke	   ein.	   Der	   weitreichende	   Stimulationseffekt	  
(über	  das	  Areal	  des	  präfrontalen	  Kortex	  hinaus)	  ist	  eine	  Erkenntnis,	  die	  zur	  Er-­‐
klärung	  des	  Wirkmechanismus	  der	  präfrontalen	  tDCS	  beitragen	  wird.	  	  
3.2 Ausblick 
Bildgebende	  Verfahren	  wurden	  erst	  seit	  kurzem	  als	  zusätzliche	  Erklärungsansätze	  
erfolgreicher	   tDCS-­‐Intervention	   in	   Einzelfallstudien	   herangezogen	   (Halko	   et	   al.,	  
2011;	  Homan	  et	  al.,	  2011).	  Die	  positiven	  klinischen	  Effekte	  in	  diesen	  Einzelfallstu-­‐
dien	   gingen	   einher	  mit	   einer	  Veränderung	  des	   zerebralen	  Blutflusses	   (Homan	   et	  
al.,	  2011)	  oder	  des	  fMRT-­‐Signals	  (Halko	  et	  al.,	  2011).	  Die	  Vergrößerung	  der	  Stich-­‐
proben	  in	  klinischen	  Bildgebungs-­‐	  oder	  EEG-­‐Studien	  mit	  Patienten	  ist	  eine	  wichti-­‐
ge	   Aufgabe	   zukünftiger	   Studien.	   Die	   Integration	   von	   Bildgebungsstudien	  mit	   der	  
Magnetresonanzspektroskopie	   zur	   Feststellung	   der	   Veränderungen	   von	   Neuro-­‐
transmitterkonzentrationen	  könnte	  ebenfalls	  wegweisend	  sein	  (Stagg	  et	  al.,	  2011).	  
Eine	  erst	   sehr	  kurz	  zurückliegende	  Studie	  an	  Migränepatienten	  mit	  Aura	  kam	  zu	  
dem	  Ergebnis,	  dass	  sowohl	  anodale	  als	  auch	  kathodale	  tDCS	  die	  Glutamat/Kreatin-­‐
Ratios	  reduzierte	  (Siniatchkin	  et	  al.,	  2011).	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Auch	   für	   einen	  Wirknachweis	   von	   tDCS	   sollten	   in	   Zukunft	   die	   Stichproben	   klini-­‐
scher	   Studien	   erhöht	   werden,	   was	   bereits	   vereinzelt	   umgesetzt	   worden	   ist	  
(Vanneste	   et	   al.,	   2010;	   Fedorov	   et	   al.,	   2011).	   Ferner	   gibt	   es	   Hinweise,	   dass	   die	  
Kombination	  von	  Gleichstrombehandlung	  mit	   einer	   zusätzlichen	   therapeutischen	  
Intervention	  die	  Effekte	  verstärken	  und	  verlängern	  kann	   (Soler	   et	   al.,	   2010).	  Die	  
analgetische	  Wirkung	  der	  tDCS	  in	  der	  Studie	  von	  Soler	  und	  Kollegen,	  in	  der	  signifi-­‐
kante	   Effekte	   noch	   nach	   3	   Monaten	   nachgewiesen	   werden	   konnten,	   lassen	   auf	  
mögliche	   strukturelle	   Veränderungen	   schließen,	   worauf	   es	   im	   Rattenmodell	   be-­‐
reits	  erste	  Hinweise	  gegeben	  hat	  (Kim	  et	  al.,	  2010).	  Künftige	  Studien	  sollten	  dem-­‐
nach	  auch	  nach	  längerer	  Stimulationsdauer	  die	  strukturelle	  Konnektivität	  hinsicht-­‐
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